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ADVANCED IN-DUCT SORBENT INJECTION FOR S0, CONTROL,
DOE CONTRACT DE-AC22-91PC90360,
FINAL TECHNICAL REPORT

ABSTRACT

The objective of this research project was to develop a second generation duct
sorbent injection technology as a cost-effective compliance option for the 1990
Clean Air Act Amendments. Research and development work was focused on the
Advanced Coolside process, which showed the potential for exceeding the original
performance targets of 90% SO, removal and 60% sorbent utilization. Process
development was conducted in a 1000 acfm pilot plant. The pilot plant testing
showed that the Advanced Coolside process can achieve 90% SO, removal at sorbent
utilizations up to 75%. The testing also showed that the process has the
potential to achieve very high removal efficiency (90 to >99%). By conducting
conceptual process design and economic evaluations periodically during the
project, development work was focused on process design improvements which
substantially lowered process capital and operating costs. A final process
economic study projects capital costs Tess than one half of those for Timestone
forced oxidation wet FGD. Projected total SO, control cost is about 25% lower
than wet FGD for a 260 MWe plant burning a 2.5% sulfur coal. A waste management
study showed the acceptability of landfill disposal; it also identified a
potential avenue for by-product utilization which should be further investigated.
Based on the pilot plant performance and on the above economic projections,
future work to scale up the Advanced Coolside process is recommended.
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ADVANCED IN-DUCT SORBENT INJECTION FOR S0, CONTROL,
DOE CONTRACT DE-AC22-91PC90360,
FINAL TECHNICAL REPORT

BACKGROUND AND INTRODUCTION

In-duct dry sorbent injection technology has been actively developed in the U.S.
since the early 1980s. The performance of these processes has been well-
established through the development of the Coolside process (CONSOL)'™® and the
HALT process (Dravo)’-® and through the DOE duct injection technology development
program.”'!  These development efforts included pilot-scale tests, proof-of-
concept tests, and a full-scale utility demonstration. Established performance
is in the range of 40-50% SO, removal at 2.0/1 Ca/S molar ratio and 20-25 °F
approach to adiabatic saturation temperature using hydrated 1ime as the sorbent.
Additionally, the 105 MWe demonstration of the Coolside process at the Ohio
Edison Edgewater Station*® showed that an S0, removal of 70% can be attained by
improving the activity of the calcium hydroxide sorbent with sodium-based
additive injection at a 0.2 Na/Ca molar ratio (~32% sorbent utilization).

Process performance data and economic analyses support the attractiveness of duct
sorbent injection for a range of retrofit applications.™ However, the applic-
ability as a compliance option for the Clean Air Act or other regulations can be
expanded by increasing SO, removals and sorbent utilizations. Higher S0,
removals became more important for retrofit technologies with the passage of the
1990 Clean Air Act Amendments, which Timit S0, emissions to 1.2 1b/MMBtu by the
year 2000 and establish an emission cap thereafter. Higher sorbent utilization
is an important area for improvement because of the large impact of sorbent cost
on total SO, removal cost.

The objectives of the project entitled "Advanced In-Duct Sorbent Injection for
S0, Control" (DOE Contract DE-AC22-91PC90360) are to improve the applicability
of in-duct sorbent injection technology as a compliance option for the 1990 Clean
Air Act Amendments and to reduce total SO, control costs. Specific desulfuri-
zation performance targets were established for realizing these objectives.
These are to achieve 90% SO, removal and 60% sorbent utilization, while retaining
the Tow capital cost and retrofit advantages inherent to in-duct sorbent




injection technology. These targets represent a substantial improvement over
existing sorbent injection technologies.

In Subtask 2.1 of this project, Evaluation of Advanced Concepts, pilot plant
tests indicated that a process concept, referred to as the Advanced Coolside
process, had the potential to achieve the process performance targets: 90% S0,
removal and 60% sorbent utilization (Reference 13, Topical Report 1). Other
concepts for advanced sorbent injection were evaluated in Subtask 2.1; however,
none showed the potential to meet the process performance objectives. Therefore,
the remainder of this project focused on developing and optimizing the Advanced
Coolside process.

The Advanced Coolside process involves flue gas humidification to near the
adiabatic saturation point using a contacting device which also removes fly ash
from the flue gas. Downstream of the contactor, the sorbent (hydrated Time) is
injected into the highly humid flue gas where it captures SO, before being
removed in the existing particulate collector. The very high humidity promotes
high SO, removal. High sorbent utilization is achieved by sorbent recycle. The
recycle ratio can be higher than for existing duct sorbent injection processes
because the fly ash is removed by the contactor prior to sorbent injection.
Furthermore, addition of moisture to the recycle sorbent prior to reinjection
significantly improves process performance.

Pilot plant development of the Advanced Coolside process was focused on the
following areas:

J Optimization of sorbent recycle for improved sorbent utilization efficiency
and increased SO, removal.

. Optimization of process equipment, for example, the contactor, for reduced
capital and operating costs.

. Optimization of sorbent systems for improved performance and reduced cost.

. Evaluation of process operability issues.




. Evaluation of solid waste disposal and solid by-product utilization
alternatives.

The results of process development in these areas are detailed in Topical Reports
Nos. 2, 3, 4, and 5.""7

Process conceptual design and economic evaluation was an ongoing activity during
the development program. This allowed research and development to focus on
approaches with the most potential for improving the process design and the
process economics. A final report on the conceptual process design and economics
is provided in Topical Report No. 6.




CONCLUSIONS

The Advanced Coolside process achieved the process S0, removal target of 90%
at sorbent utilization efficiencies over 70%, exceeding the original
performance target of 60% sorbent utilization. The keys to achieving this
performance were achieving near saturation in the contactor and optimizing
sorbent recycle, including the moisture addition step. At a 1.2 fresh Ca/S
ratio, a recycle ratio of 7 1b recycle/1b Time and a water addition level
of 0.12 1b/1b recycle, S0, removal was 87% in the duct and 91% across the
system.

Pilot plant tests showed that the Advanced Coolside process has the
potential for very high SO, removal. Removals greater than 99% were
achieved at sorbent utilization efficiencies exceeding 60%.

A second generation contactor and a third generation contactor were
designed for significantly reduced capital and operating costs and smaller
plant footprint compared to the initial design. Pilot plant testing
confirmed performance in terms of humidification efficiency, particulate
collection efficiency, operability, and desulfurization performance. The
pilot plant testing also allowed optimization of operating conditions. The
second generation contactor design consists of a short-residence-time spray
chamber followed by a mist eliminator. The third generation design
consists of a low-pressure-drop, in-duct venturi followed by a cyclonic
separator.

Other process design and equipment improvements for reduced cost were
realized through pilot plant development and engineering studies. These
include improvements in the recycle wetting and handling systems, the
sorbent preparation and handling system, the waste handling system, the
flue gas reheat system, and the flue gas duct design.

Pilot plant tests of five different commercial hydrated limes, two
specially prepared high surface area hydrated limes, and different quick-
limes hydrated in a pilot hydrator showed that the Advanced Coolside
process is relatively insensitive to the Time source. 1In conventional
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sorbent injection processes, such as the Coolside process, sorbent source
has a more substantial impact on performance.® The relative insensitivity
of the Advanced Coolside process to sorbent source can be an economic
advantage, allowing the use of the Towest cost sorbent available.

PiTot plant tests showed that the addition of small amounts of additives to
the recycle sorbent during the water addition step can improve desulfuriza-
tion performance in a baghouse. With the addition of NaCl or CaCl, at a
ratio of 0.03 mol/mol fresh Ca, system SO0, removals of 97% to greater than
99% were achieved at Ca/S ratios as Tow as 1.2.

Pilot plant operation provided a positive indication of the operability and
retrofit potential of the Advanced Coolside process. Recycle test duration
ranged up to 150 hr. A Tong-term (300 hr) performance test with 24 hr/day
operation was conducted under optimized process conditions. No major oper-
ating problems were encountered. However, operability must be demonstrated
in larger scale and longer term testing.

The waste management evaluation indicated that the combined spent
sorbent/fly ash waste is suitable for landfill disposal. Further, the
study indicated a potential for by-product utilization for synthetic
aggregate production; a more thorough investigation of this potential is
required.

A final process conceptual design and economic evaluation was conducted for
the optimized Advanced Coolside process. The study projects capital costs
less than one half of those for Timestone forced oxidation wet FGD. The
projected total SO, control cost on a levelized basis is about 25% lower
than wet FGD for a 260 MWe plant burning a 2.5% sulfur coal. The levelized
cost is sensitive to sorbent cost and, thus, is highly site-specific. This
cost advantage meets previously established economic goals for increasing
the attractiveness of the technology for electric utilities.




RECOMMENDATIONS FOR FUTURE DEVELOPMENT

Based on the process performance demonstrated in the pilot plant development
program and on the favorable economic projections, scale up and further develop-
ment of the Advanced Coolside process is warranted. Demonstration of the process
on at least the 5-10 MWe scale is recommended to confirm the scale up of process
performance and operability. Additionally, further process development is recom-
mended in the areas of air toxics control and by-product utilization; development
in these areas could give the process unique advantages over conventional FGD
technology.

A number of technical issues need to be confirmed in scale-up tests before
process commercialization. The key issues include:

. Scale up of pilot plant process desulfurization performance data and
investigation of SO, removal potential of ESPs.

. Scale up of contactor performance and operability.
. Operability of the duct with sorbent injection into highly humid flue gas,
including confirmation of the soot blower design included in the conceptual

process design for preventing deposition.

J Operability of the existing ESP and the possible need for upgrade, in 1ight
of increased dust loadings and higher flue gas humidity.

J Operability of the recycle handling system, including moisture addition,
transport and storage.

. Confirmation of performance during long-term continuous operation without
shutdown periods.

. Confirmation of the sorbent injector design included in the conceptual
process design for distributing the sorbent into the flue gas.




. Further investigation of recycle sorbent carbonation (and its effect on
sorbent utilization) with an ESP.

. Further investigation on the effect of hold time on recycle sorbent
activity.

The potential for by-product utilization should be explored further. The waste
management study indicated that the potential exists for use of Advanced Coolside
waste in producing 1ightweight synthetic aggregates for concrete masonry units.
A more thorough evaluation of aggregate properties and a process design and
economic evaluation are recommended. Utilization could have a significant
economic benefit since waste disposal is a large component of the process cost.
Since the aggregate market is a high-volume market, this potential use could give
the Advanced Coolside process a unique advantage over existing technologies, for
example, forced oxidation FGD producing gypsum.

The capability of the Advanced Coolside process to control air toxics should be
investigated. If air toxics such as mercury are regulated, this capability would
provide an added incentive to use the technology for S0, control. A literature
analysis conducted by CONSOL suggests that the Advanced Coolside process has
unique features for control of air toxics such as mercury and HC1. Both the
gas/1liquid contactor and the sorbent entrainment zone provide Tow temperature and
efficient mass transport conditions important for capture of these species.
Furthermore, the relatively high recycle ratios employed could increase the
feasibility of using a more expensive co-sorbent such as activated carbon.




DESCRIPTION OF ADVANCED COOLSIDE PROCESS

Figure 1 shows a schematic of the Advanced Coolside process. The process
achieves greater S0, removal and sorbent utilization than previous duct sorbent
injection processes by operating at a higher flue gas humidity and by more fully
exploiting the potential of sorbent recycle. The key to the process is a
gas/liquid contacting device downstream of the air preheater. The contactor
serves two purposes: to nearly saturate the flue gas with water and to remove
most of the coal fly ash from the flue gas. The sorbent is injected downstream
of the contactor into the highly humid flue gas. Hydrated lime is very active
for SO, capture near the saturation point, even in the absence of Tiquid water
droplets. Because the flue gas is already humidified prior to sorbent injection,
there is no strict residence time requirement for droplet evaporation. S0, is
removed by the sorbent in the duct and by that collected in the existing
electrostatic precipitator (ESP) or baghouse. The heat of reaction between S0,
and hydrated Time raises the temperature of the flue gas by roughly 8-10 °F for
each 1000 ppm of SO, removed. Therefore, the particulate collector can be
operated at an increased approach to saturation. However, because hydrated Time
activity is highly sensitive to the approach to saturation, this reaction heat
effect also acts as a 1imiting mechanism for S0, capture.

The spent sorbent is captured by the existing particulate collector as a dry
powder. Sorbent recycle is an integral component of the Advanced Coolside
process, allowing the sorbent utilization target of 60% to be exceeded. The
potential for recycle is increased because fly ash is removed separately before
sorbent injection. Furthermore, process performance can be improved by adding
small amounts of water to the recycle sorbent prior to re-injection. The water
acts to maintain a close approach to saturation by evaporating, thus, counter-
acting the heat of reaction. The moisture addition step is a key to maintaining
sorbent activity and, thus, to achieving or exceeding the SO, removal target
of 90%.

Equipment design optimization focused on the flue gas/water contactor. For the
initial pilot plant tests the contacting device was a Waterloo scrubber, 131419
In the process design optimization program, a second generation and a third
generation contactor were designed, tested, and optimized.  The improved
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contactor designs significantly reduce capital and operating costs. The third
generation design consists of a low-pressure-drop, in-duct venturi followed by
a cyclonic separator.

A more detailed conceptual process design for commercial application of the
Advanced Coolside is provided in Topical Report No. 6 (Appendix A).'®




EXPERIMENTAL

This process development program was carried out in a 1000 acfm (~0.3 MWe equiva-
lent) pilot plant. Figure 2 is a schematic of the Advanced Coolside desulfuri-
zation pilot plant. It was designed to simulate integrated Advanced Coolside
operation, including combined flue gas saturation and fly ash removal by a
contactor, sorbent injection downstream of the contactor into the saturated flue
gas, and steady-state continuous recycle with wetting of the recycle sorbent.
The pilot plant, operating procedures, and analytical procedures are detailed in
Topical Report No. 2 (Appendix B).™

In addition to pilot plant tests, some screening tests were conducted in a fixed-
bed Taboratory reactor, described in Topical Report No. 3.%® Test sorbents were
analyzed in a sorbent characterization laboratory described in Topical Report
No. 3. The waste/by-product characterization study was conducted in a well-
equipped waste characterization laboratory described in Topical Report No. 4.1
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DISCUSSION

RECYCLE OPTIMIZATION

Optimization of sorbent recycle operating conditions was a key to exceeding
process performance targets. Detailed data from this test program are presented
in Topical Report No. 2 (Appendix B).%

Process Performance Goals Exceeded

The recycle optimization tests showed that the process performance targets of 90%
S0, removal and 60% sorbent utilization could be exceeded. The 90% SO, removal
target was achieved at sorbent utilizations over 70%. Very high S0, removal (90%
to >99%) was achieved while maintaining at Teast 60% sorbent utilization.
Sorbent recycle was a key to achieving these levels of performance. Figure 3
shows the SO, removals and corresponding sorbent utilizations achieved in the
recycle optimization tests at different combinations of process variables.

The tests conducted with hot air reheat and with frequent baghouse pulse cleaning
to simulate SO, removal with an ESP achieved 90% SO, removal at sorbent utiliza-
tions of up to about 75% (Table 1).

The tests conducted without reheat and Tess frequent baghouse pulsing to simulate
S0, removal in a plant with a baghouse showed very high efficiency SO, removal
(90 to >99%) while maintaining the target of 60% sorbent utilization (Table 2).

Effect Of Process Variables

Fresh Ca/S Ratio and Recycle Ratio. Increasing the fresh Ca/S ratio and/or the
recycle ratio increases the amount of calcium available for reaction with S0,.
By maintaining a sufficiently high concentration of available calcium in the
sorbent, the process target of 90% S0, removal can be achieved or exceeded. For
example, at a 10 °F approach to saturation in the baghouse and with 0.15 1b
H,0/1b recycle, increasing the total available Ca/S ratio from 2.3 to 3.8
increased the in-duct S0, removal from 60% to 88% and the system S0, removal from
84% to 97%.

- 11 -
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In-duct Residence Time. High SO, removals and sorbent utilizations were achieved
with 1.7 to 2.0 s in-duct residence time. Below 1.7 s residence time, SO,
removals were significantly lower. Above 2.0 s there was little effect of
additional residence time on in-duct SO, removal.

Moisture Addition to Recycle. The addition of moisture to the recycle sorbent
had a strong positive effect on desulfurization performance of the sorbent.
For example, the addition of 0.15 1b H,0/1b of recycle sorbent, at a 1.2 fresh
Ca/S mol ratio, a 5.0 recycle ratio and a 10 °F approach in the baghouse,
increased the in-duct SO, removal from 59% to 81% and the system removal from
73% to 88%. The sorbent utilization increased from 61% with no moisture addition
to 71% with moisture addition. Moisture acts primarily to maintain a close
approach to saturation by counteracting the reaction heat effect. Moisture also
provides surface water to the sorbent particle which can enhance gas/solid
reactions.

The optimum moisture addition Tevel in the pilot plant tests was between 0.10 and
0.15 1b water/1b recycle sorbent. However, the optimum water addition level
determined in pilot tests may not apply directly to large-scale operation because
the ratio of transport air to sorbent is much higher in the pilot plant than a
typical large-scale transport system, and the air used in the pilot plant is dry
plant air. Consequently, in the pilot plant more water is required on the
sorbent to allow for the evaporation into the dry transport air. The required
level in a full-scale process will depend on the coal sulfur content, the extent
of reaction, the design approach to saturation at the duct exit and the design
recycle ratio.

Data Reliability

In the recycle optimization testing, there was good agreement between sorbent
utilization based on the continuous flue gas analyzer and the fresh and recycle
sorbent feed/composition data and the utilization based on baghouse solids
analyses. There was no more than 4% absolute difference between the two values
in any test. The agreement between the two values confirms the accuracy of
process flow and analyzer data. There also was good agreement between the
~utilization calculated assuming steady-state recycle conditions and that based
on baghouse solids analysis. The steady-state value is simply the system SO,
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removal divided by the fresh Ca/S mol ratio. There was no more than 5% absolute
difference between the two values in any test. The absolute average of the
differences was 2%. This agreement indicates that steady-state recycle condi-
tions were closely approached. It further confirms the accuracy of the process
flow and analyzer data. EPA Method 6 sampling tests were conducted during a
recycle test; this confirmed the accuracy of in-duct desulfurization results.

EQUIPMENT DESIGN OPTIMIZATION

Equipment design optimization was a key to reducing the cost of the Advanced
Coolside process. Descriptions of equipment designs and detailed test data are
presented in Topical Report No. 2. The focus of the design optimization was
on the design of the contactor. Second and third generation contactors were
designed that were mechanically simpler than the original design. Design
optimization also focused on the sorbent recycle equipment.

Second Generation Contactor

Figure 4 is a schematic of the second generation contactor design, which consists
of a short-contact-time spray chamber and a mist eliminator. It is substantially
simpler than the initial contactor design (Waterloo Scrubber). One hundred fifty
tests were performed to verify the saturation efficiency and to identify the
optimum nozzle operating conditions for economic flue gas saturation and fly ash
removal (Figure 5).  Many operating conditions were tested that provided
satisfactory saturation and ash removal. An optimum nozzle operating condition
of 30 psig air pressure to each nozzle and 0.6 gpm/1000 acfm total water flow was
chosen based on these results. The optimized operating conditions gave similar
humidification performance and fly ash removals as the original design conditions
for Tess operating cost; the Tower cost is a result of the reduced air pressure
(Tower compressor capital cost and operating energy) and the reduced water flow
(less pumping and waste water handling requirements). At ~730 acfm flue gas
flow, nearly 100% relative humidity was achieved with 93% fly ash capture, using
the optimized design conditions. The optimized contactor operating conditions
were used in the subsequent recycle tests and in the sorbent optimization tests.

Contactor operability was good throughout the pilot testing. There were no
problems with ash accumulation in the contactor, nor were there problems with
mist eliminator plugging.
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Third Generation Contactor

The third generation contactor (Figure 6) was designed for lower capital cost and
a reduced plant footprint. It consists of a low-pressure-drop, in-duct venturi
followed by cyclonic separator. Water is sprayed by hydraulic nozzles at the
throat of the venturi, which reduces water droplet size and provides turbulent
contact between droplets and flue gas for efficient particle capture and humidi-
fication. The water/fly ash mix is separated from the flue gas by the downstream
separator. The design pressure drop for the venturi and separator and the design
water requirement are higher than for the second generation contactor design;
however, the third generation design is significantly smaller and has a
significantly lower capital cost. Furthermore, the use of hydraulic nozzles
instead of two-fluid nozzles save capital and operating costs for air compres-
sion. A detailed cost analysis is presented in Topical Report No. 6, Conceptual
Commercial Design and Economic Evaluation.'®

The pilot plant venturi contactor was purchased by CONSOL from Fisher-Klosterman.
Initially, the venturi contactor did not achieve acceptable humidification effi-
ciency, because of the very short contact time between the venturi throat and the
cyclone in the small-scale unit. The contact time downstream of the throat is
critical for humidification because the water droplet size is reduced in the
throat. The contactor was modified to increase the contact time between the
venturi throat and the cyclonic separator to about 0.1 s, which, in fact, better
simulates the contact time of a full-scale unit. This increased residence time
between the throat and the separator allowed reasonably close approaches
(~1 to 4 °F) to be achieved. Injection of small amounts of steam at the exit of
the cyclonic separator helped achieve near-saturation conditions (0 to 2 °F
approach) for a wide range of flue gas flow rates. The steam injection rates
ranged from 0.05 to 0.5 1b/min.

Fly ash collection efficiency of the venturi contactor was greater than 99% in
four pilot plant tests conducted with EPA Method 17 sampling. This collection
efficiency exceeds the target of 90% desired to reduce fly ash in the sorbent
recycle Toop. Fly ash collection efficiency was independent of gas flow over a
range of 380 to 1025 acfm. The results indicate that a single venturi contactor
can handle the range of turndown required for a commercial application to follow
changing boiler load. This is an important result, since the first conceptual
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commercial design assumed that two parallel contactors would be required to
handle load changes.

Operability of the third generation contactor was good throughout the performance
tests. There were no problems with fly ash accumulation in the venturi, on the
spray nozzles or in the cyclonic separator. There was a small amount of solids
dropout in the horizontal duct upstream of the cyclonic separator; however, this
accumulation leveled off after a short period of operation.

To meet performance targets, 5 to 15% more sorbent was needed with the venturi
contactor than with the second generation contactor, presumably due to slightly
lower humidity. The additional sorbent requirement was reduced to about 5% with
the use of steam injection at the separator exit, with the use of supplemental
nozzles or with slightly increased mist carryover from the cyclonic separator.
This difference approaches the range of uncertainty in the pilot plant measure-
ments. Based on the test results, the use of steam injection at the separator
appears to be the preferred mode of operation.

Optimization Of Recycle Sorbent Treatment Equipment

A test was conducted in which the recycle sorbent was wetted using a pilot-scale,
continuous pugmill. Performance of the pugmill was compared to the high
intensity mixer used in previous pilot plant tests. The results from this test
indicated that a pugmill can produce a satisfactory product, both from a
materials handling standpoint and from a reactivity standpoint. These results
are encouraging because a pugmill has substantially lower capital and operating
costs than the high intensity mixer.

Other Design Optimization

In addition to pilot plant optimization testing discussed above, engineering
studies were conducted to explore process improvements in all major process
subsystems, including the sorbent handling, recycle handling, flue gas handling
and waste handling systems. These engineering studies are discussed in detail
in Topical Report No. 6, Conceptual Commercial Design and Economic Evaluation.™
Key areas identified for process improvement/cost reduction include:
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- Use of hydrocyclones instead of a thickener to concentrate the fly ash
slurry before mixing with spent sorbent.

- Use of on-site Time hydration of quicklime for larger plants.
- Simplification of the flue gas reheat system.

- Improvements in the recycie handling system design.

- Simplification of the ductwork conceptual design.

SORBENT OPTIMIZATION

The Sorbent Optimization program included pilot plant evaluation of different
sorbents including different commercial hydrated limes and specially prepared
high surface area limes, an evaluation of hydration variable effects in a pilot
hydrator, and testing of additive promotion. The results showed that process
performance is relatively insensitive to hydrated Time source, compared to the
conventional Coolside process. Small amounts of additives incorporated during
the recycle wetting step were effective in promoting desulfurization, but only
in the baghouse. Detailed test conditions and results of the Sorbent Optimi-
zation program are reported in Technical Report No. 3.7

Performance of Different Commercial Hydrated Limes

Pilot plant tests were conducted on five different commercial hydrated 1imes
including Mississippi 1lime, the usual test lime in previous Advanced Coolside
studies and in much of the development work for the conventional Coolside
process. The Times tested were from different geographic areas and were selected
from among the largest hydration plants in the country. The BET surface areas
of the commercial hydrates tested ranged from 14 to 24 m%/g. The desulfurization
results showed only a small variation among the limes tested. From an economic
standpoint, the relative insensitivity of the process to 1lime source can be
advantageous, allowing the use of the lowest cost available 1ime.

Figure 7 shows once-through (no recycle) SO0, removals at a 1.5 Ca/S mol ratio
with the five commercial hydrated Times. In-duct removals ranged from 51 to 54%;
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the system (duct + baghouse) removals were sTightly higher with Mississippi 1ime,
80% versus 72-76% for the other Tlimes.

Recycle tests were conducted with three of the commercial hydrated 1imes. These
had a wide variation in surface area. At a 1.2-1.3 Ca/S mol ratio, a 6.8 recycle
ratio (1b recycle/1b Tlime) and 0.12 1b water/1b recycle sorbent, the system
(duct + baghouse) removals were very similar with all three limes (86 to 90%).
In-duct SO, removals showed somewhat more variation, from 77% to 87%. Sorbent
utilizations, based on analyses of baghouse solids, were near 70% for the three
limes. Thus, a variety of commercial hydrated limes can be used to achieve the
process performance goals of 90% SO, removal and 60% sorbent utilization.

Performance of Alternative Sorbents

Three specially prepared high surface area hydrated limes were tested in the
pilot plant; surface areas ranged from 35 m/g to 41 m?/g. Two of these samples
were marginally more active than commercial hydrated 1ime in once-through tests;
one sample was significantly less active than commercial lime, despite its high
surface area. In recycle tests, the performance of the most active of these
limes was not significantly better than commercial hydrated limes. Thus, their

use in the Advanced Coolside process does not offer a significant advantage over
commercial hydrated 1imes.

Once-through tests were conducted with a finely pulverized Timestone. Although
limestone is not a sufficiently active sorbent for commercial use in the Advanced
Coolside process, the results indicated that CaC0; does have significant
desulfurization activity. This may be an important observation, because some
Ca(OH), is converted to CaCO; in the Advanced Coolside process. The activity
difference may be largely a result of the lower surface area of limestone
(1.6 m%/g) compared to that of hydrated lime.

Pilot Plant Hydration Test Program

An experimental program was conducted to determine the effects of selected hydra-
tion variables on hydrated 1ime properties and desulfurization performance. The
testing was conducted in the Dravo Lime Company pilot hydration test facility.
The hydration process variables studied were: feed lime particle size, water
temperature, lime feed rate and target final product moisture content. The
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target product moisture is the projected moisture content of the product hydrate
calculated from the stoichiometric water feed and the water temperature. Two
different quicklimes were tested. After hydration, the products were analyzed
for porosity, BET surface area, particle size and moisture content. Reactivity
of the hydrates to sulfur dioxide was determined by two different techniques: a
laboratory-scale utilization test and Advanced Coolside pilot plant once-through
testing.

Detailed data from the hydration tests are presented in Topical Report No. 3.
Statistical analysis of these data and computer modeling studies using this data
base are discussed in Topical Report No. 5. Data analysis indicates that there
is no significant correlation of desulfurization activity with sorbent physical
properties or with quicklime source. Correlation equations were developed for
desulfurization performance as a function of hydration variables. However, the
tests indicated that the Dravo pilot plant hydrator did not closely simulate
commercial hydration. Pilot produced hydrates had generally lower surface areas
and Tower desulfurization activity than commercial hydrated 1limes. Therefore,
the correlations cannot be used for predictive purposes.

Additive Addition to Recycle

Recycle tests were conducted with small amounts of additives incorporated in the
combined recycle and fresh sorbent during the moisture addition step. A moderate
enhancing effect of small amounts (~0.03 mol/mol fresh Ca) of inorganic chloride
compounds (NaCl, CaCl,) on sorbent performance was observed in the baghouse but
not in the duct. Therefore, use of small amounts of these additives may be an
attractive means of achieving high SO, removal efficiencies (90 to >99%) in a
plant with a baghouse. Additive incorporation in the recycle pretreatment step
is attractive because it uses existing equipment and commercially available
hydrated 1ime.

PROCESS PERFORMANCE TESTING

The objective of the performance testing was to generate performance and oper-
abiTity data for design and scale-up of the process. The performance test
consisted of about one week of operation with two shifts per day followed by
three separate weeks of 24 hr/day operation. The total on-stream time was
295 hr. The purpose of the initial week of testing was to establish near steady-
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state operating conditions and sorbent composition. The purpose of the around-
the-clock operation was to evaluate performance and operability issues during
longer periods of continuous operation. Although the test was divided into three
periods of 24 hr/day operation, the same sorbent material was used; that is, the
baghouse material collected at the end of one period was used as the recycle
material at the beginning of the subsequent test period.

The test conditions for the performance test were selected based on the results
of the previous process optimization tests.? The Ca/S ratio was in the range of
1.2 to 1.3 for the test. The recycle ratio was 7 1b/1b fresh lime and the
recycle water addition Tevel was about 0.12 1b/1b recycle. The third generation
contactor (venturi + centrifugal separator) was employed for all the testing; it
was operated to achjeve near saturation (0 to 2 °F approach) conditions. For
most of the testing the flue gas was reheated to give a baghouse approach of
~20 °F and the baghouse was pulse-cleaned continuously; this approximately
simulated the SO, removal expected with an ESP. For part of the last test
period, no reheat was employed; this maximized S0, removal in the baghouse.

Although the scale of the 1000 acfm pilot plant is not sufficient to fully
resolve process operability issues, the performance test provided a positive
indication of the operability of the Advanced Coolside process during relatively
long periods of continuous operation. The key operability issues evaluated were
operation of the flue gas duct with sorbent injection at high humidity and
operation of the recycle sorbent wetting, handling and transport systems. These
and other issues should be further evaluated in larger scale, longer term tests.

There were no major operating problems in the flue gas duct with injection of
wetted recycle sorbent at high humidity. The duct was operated at an inlet
approach of 0 to 2 °F and an exit approach of 5 to 8 °F. As discussed in a
previous report,™ the pilot plant had a duct configuration with numerous changes
in flue gas direction, presenting more potential for operating problems than
typical commercial systems. Because soot blowers are included in the conceptual
process design developed in Task 5 of this project, the duct was periodically air
Tanced with 50 to 80 psig air to simulate soot blowing. The soot blowing was
effective in preventing accumulation of solids in the pilot plant duct. The
material which adhered to the duct walls was generally soft apd easily removed
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and carried to the baghouse by the soot blowing. The soot blowing was used
primarily at elbows and near the sorbent injection point. As observed
previously,™ the amount of accumulation in straight duct runs was small and
tended to level off with time even without soot blowing.

For most of the performance test, the recycle sorbent was effectively wetted,
fed, and transported to the flue gas stream. Recycle handling did, however,
require frequent operator attention, although much of this attention was specific
to the small scale and the specific equipment employed in the pilot plant. There
were rather frequent instances of eductor plugging, a fairly common problem in
small-scale systems, because the orifice in the eductor venturi is quite small.
The problem was effectively managed by periodically cleaning the orifice of the
eductor with a rod to remove deposits. It is anticipated that this would not
be a significant problem with properly designed commercial-scale pneumatic
transport equipment.

A system SO, removal of approximately 90% at 1.2 to 1.3 Ca/S was maintained
during the performance test. In-duct SO, removal was lower (average, 78%) than
previously observed at similar conditions (> 85%). This was partly a result of
a higher approach at the duct exit (5 to 8 °F) than in previous tests
(3 to 4 °F). The approach can normally be controlled by adjusting the amount of
recycle water addition; however, the pilot plant was operated at the maximum
operable water addition rate. The sorbent agglomeration caused by operating at
the maximum amount of moisture addition may have also contributed to the lower
duct removal.

A higher degree of sorbent carbonation was observed in the performance testing
than in most previous testing. The CaCO; content of recycle sorbent ranged from
20 to 30 wt%. The degree of carbonation may be high in the pilot plant because
the sorbent in the baghouse is intimately contacted by flue gas with a Tow SO,
content and high humidity. The extent of carbonation and its effect on
performance should be further evaluated in larger scale testing with an ESP.

The performance testing is discussed in detail in Topical Report No. 4.%
Detailed operability and performance data are presented.

- 20 -




WASTE MANAGEMENT EVALUATION

The initial objective of the waste characterization study was to develop the data
needed for designing the waste handling and disposal systems for the process.
The waste characterization test program was expanded to include exploratory tests
of by-product utilization options. This involved pelletization tests and
preliminary evaluation for production of synthetic aggregate materials.

The Advanced Coolside process generates two waste streams: the dry spent sorbent
from the particulate collector and the fly ash/water slurry collected in the
contactor and subsequently concentrated. The proposed concept for disposal or
utilization is to mix the two streams, controlling the overall moisture content
by controlling the water content of the fly ash slurry.

Three Advanced Coolside waste samples were prepared for use in the waste charac-
terization study. These samples represent simulated Advanced Coolside waste
produced from a boiler using feed coals with 7.5% ash and 3.5%, 2.5% and 1.5%
sulfur.  Advanced Coolside waste samples were characterized to ensure that
adequate information is available on the physical and chemical nature of the
waste for the design and construction of safe and stable landfills. The
properties of the waste characterized include composition, moisture and density
relationship, unconfined compressive strength and Teaching characteristics.

The maximum dry bulk density of Advanced Coolside waste increased from 75 to
80 1b/ft3 with increasing fly ash component in the waste. The fly ash component
in the waste increased with decreasing sulfur content of the coal from which the
waste was generated. The moisture content which gave the maximum density
(optimum moisture) was about 32% (dry basis).

Advanced Coolside waste, compacted to 95% of Proctor density and optimum
moisture, has unconfined compressive strength that is suitable for landfill
disposal. The strength increased from 20 psi (uncured) to 100 psi or more after
28 days of curing. As a point of reference for unconfined compressive strength
values, a person walking exerts pressure of about § psi and bulldozers used in
Tandfills exert pressures ranging from about 12 psi to about 19 psi.
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The leachate toxicity of Advanced Coolside waste was determined. The Teachates
were prepared according to both the TCLP and ASTM leaching procedures. The trace
element (As, Ba, Cd, Cr, Pb, Hg, Se and Ag) concentrations were well below (by
at least a factor of 50) RCRA allowable limits. Thus, the waste can be classi-
fied as non-hazardous for Tandfill disposal. In addition, the concentrations of
Fe, Mn, Ca, Na, Al, sulfate, K and total dissolved solids (TDS) in the leachates
were similar to those from other dry flue gas desulfurization (FGD) wastes.

Pelletization takes advantage of the cementitious properties of the Advanced
Coolside waste to make products that may be applicable for use as synthetic
aggregates. Pelletization also can improve waste handleability and reduces waste
leachability. The Advanced Coolside wastes were pelletized on a pilot-scale disc
pelletizer. The pellets produced were Tightweight and had Tow bulk specific
gravity. The pellets also had a desirably low LA abrasion index, Tow water
absorption, and a coarse size distribution; however, they also had a high
soundness index (i.e, Tow durability). These data indicate that pellets made
from Advanced Coolside wastes may have potential for use as lightweight coarse
aggregates in concrete masonry units. For this use, there is no soundness index
specification. A more thorough evaluation of other pellet characteristics for
this application is recommended. An evaluation of potential economic impacts
also is recommended.

The waste characterization study is discussed in detail in Topical Report
No. 4." Detailed data on waste properties are presented. Detailed data on the
pellets produced from Advanced Coolside waste also are presented.

CONCEPTUAL PROCESS DESIGN AND ECONOMIC EVALUATION

The objectives of Task 6, Conceptual Design and Economic Evaluation, were to
develop a conceptual design for a utility-scale application of the Advanced
Coolside Process and to assess the economic attractiveness of the process. An
additional CONSOL objective was to identify process areas for potential cost
reductions to guide research efforts in areas that would most impact the
economics and the commercial readiness of the process. As a result, engineering
and economic evaluation commenced early in the project and was an ongoing
process.
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In early 1993, an interim process economic evaluation was completed. Results
indicated that Advanced Coolside had an economic advantage relative to 1imestone
wet scrubbing for a range of plant sizes and coal sulfur levels. The evaluation
also identified several areas for potential process improvement, including equip-
ment design optimization and sorbent utilization optimization. Areas identified
for design optimization included improvement of the gas/1iquid contactor design,
improvement of the sorbent recycle handling system, and improvement of the waste
handling system. Based on the results of the interim economic study, economic
targets were established for the process. These were to achieve a 20% levelized
cost advantage and a 50% capital cost advantage over limestone wet scrubbing for
a range of plant sizes and coal sulfur levels. Based on conversations with
utilities, these levels of cost advantage would make it attractive to consider
a less-developed technology.

Topical Report No. 6 (Appendix A)'™ presents the results of a final conceptual
process design and economic study for the Advanced Coolside Process, under DOE
Contract DE-AC22-91PC90360. It describes a complete conceptual process design
for full-scale, coal-fired applications of the process. Advanced Coolside
process costs were compared to those of 1imestone forced oxidation (LSFO) wet FGD
technology. The process economics were investigated for coal sulfur levels
ranging from 1.0% to 3.5% (as-received) and plant sizes ranging from 160 to 512
gross MW. The final economic study incorporates the results of pilot plant
process optimization work and the results of the engineering studies aimed at
design improvement. These improvements have resulted in a significant reduction
in process costs.

Figures 8 and 9 show that the Advanced Coolside process enjoys a capital and
levelized cost advantage relative to LSFO in all cases examined in this study.
The figures further indicate that the economic targets established in the first
interim evaluation have been achieved for a wide range of coal sulfur contents
and plant sizes. The projected capital cost of Advanced Coolside is 55% to 60%
Tower than limestone forced oxidation wet FGD. The total levelized S0, control
cost in $/ton SO, removed ranged from 15% to 35% lower than LSFO, over the range
of plant sizes and coal sulfur contents investigated. For a mid-range plant size
(260 MW) and a mid-range coal sulfur content, the levelized cost advantage is
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about 25%. The levelized cost is sensitive to sorbent transportation charges and
as a result is highly site-specific.

Using interim design and economic evaluations to provide direction for pilot
plant optimization studies was instrumental in reducing the Advanced Coolside
capital costs and levelized control costs. The capital cost was reduced by 30%
compared with the interim evaluation completed in early 1993. Levelized S0,
control costs were reduced by about 18% for a 260 MW plant. Much of the
reduction resulted from reevaluating the equipment and process requirements in
Tight of economic trade-offs. A discussion of the Advanced Coolside process
improvements and resulting cost reductions is given in Appendix A. The major
improvements include the use of the third generation contactor design (venturi
contactor) for flue gas humidification and fly ash removal, optimization of the
venturi contactor design and operating conditions, using hydroclones in place of
thickeners for fly ash dewatering, and substituting a less-costly pugmill mixer
for a high-intensity mixer for recycle solids water addition.

The Advanced Coolside conceptual process design is detailed in Appendix A. This
appendix also gives the detailed assumptions used in the economic analysis. EPRI
Technical Assessment Guidelines were followed. To achieve consistency for a
comparative evaluation, similar design philosophies, equipment cost algorithms,
and financial assumptions were used for the evaluation of both Advanced Coolside
and Timestone forced oxidation technologies. Both processes were evaluated for
90% SO, reduction. The process design for the Timestone forced oxidation wet FGD
process was recently updated based on current commercial trends to reflect the
state of the art. This includes the use of a single absorber module with no
spares.
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TABLE 1

SUMMARY OF RECYCLE TEST RESULTS FOR TESTS SIMULATING
A BAGHOUSE PARTICULATE COLLECTOR,

SO, Removal, % Sorbent Util., %
Ib Water
Fresh Recycle per Total Baghouse Steady
Ca/s, Ratio b Recycle Ca(OH)zlS Approach, System State Solids
Test mol (a) Sorbent mol Ratio °F Duct {b) (d) Analyses
12 1.4 4.5 0.15 22 23 83 80 63 62
13 1.2 6.9 0.12 2.1 23 87 90 75 70
12A (c) 1.5 4.3 0.15 25 24 84 90 60 59
Common Conditions: SO, Inlet Concentration = 1500 ppm (dry); Flue Gas Flow = 340 SCFM
(a) Ib dry recycle/lb fresh lime
(b) duct + baghouse
(¢) fresh lime and recycle sorbent wetted together and fed by one feeder
(d) calculated steady-state sorbent utilization
TABLE 2
SUMMARY OF RECYCLE TEST RESULTS FOR TESTS SIMULATING
AN ESP PARTICULATE COLLECTOR
SO, Removal, % Sorbent Util,, %
Ib Water
Fresh Recycle per Total Baghouse Steady
Ca/s, Ratio b Recycle Ca(OH),/S Approach, System State Solids
Test mol (a) Sorbent mol Ratio °F Duct (b) {d) Analyses
6A 1.2 5.0 0.00 22 10 59 73 61 58
7A 1.3 3.3 0.15 1.8 9 60 84 67 68
8A 1.2 3.4 0.10 1.8 1" 64 81 65 66
9 1.5 3.5 0.1 22 12 70 Q0 61 63
10 1.2 49 0.15 1.7 9 81 88 71 68
11 1.6 3.9 0.15 24 11 91 97 60 58
11A 1.6 3.8 0.15 24 12 88 100 61 61
178 (c) 1.2 6.9 0.12 14 10 84 g2 76 72

Common Conditions: SO, Inlet Concentration = 1500 ppm (dry)

(a) b dry recycle/lb fresh lime
(b) duct + baghouse
() fresh lime and recycle sorbent wetted together and fed by one feeder
(d) calculated steady-state sorbent utilization
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Figure 8. Comparison of Capital Costs for the Advanced Coolside
Process and Limestone Forced Oxidation Wet FGD (LSFO) for a
Range of Plant Sizes Burning a 2.5% S Coal.

(For Advanced Coolside, on-site hydration is compared
to buying hydrated 1lime.)
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Figure 9. Comparison of Levelized SO, Control Costs for the Advanced Coolside
Process and Limestone Forced Oxiéation Wet FGD (LSFO) for a Range of
Plant Sizes Burning a 2.5% S Coal and Assuming an Inland Plant Site.

(For Advanced Coolside, on-site hydration is compared
to buying hydrated Tlime.)
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APPENDIX A

CONCEPTUAL DESIGN AND ECONOMIC STUDY

Topical Report No. 6'8, discussing the conceptual design and economic evaluation,
follows.

A-1




ADVANCED IN-DUCT SORBENT INJECTION FOR SO, CONTROL,
DOE CONTRACT DE-AC22-91PC90360,
TOPICAL REPORT NO. 6, TASK 5: CONCEPTUAL COMMERCIAL PROCESS DESIGN
AND ECONOMIC EVALUATION

INTRODUCTION

The Advanced Coolside Desulfurization Process was developed through 1000 acfm
pilot plant testing, as reported in Topical Report Nos. 1 through 5.'° This
development work showed the technical feasibility of the process and demonstrated
that the original process performance targets could be exceeded. The 90% S0,
removal target was achieved at sorbent utilizations up to approximately 75%,
exceeding the target of 60% utilization. S0, removals in excess of 99% were
achieved at utilizations greater than 60%.

The objectives of Task 6, Conceptual Design and Economic Evaluation, were to
develop a conceptual design for a utility-scale application of the Advanced
Coolside process and to assess the economic attractiveness of the process.
Additional objectives of CONSOL were to identify process areas for potential cost
reductions and to guide research and development efforts in areas that would most
impact the economics and commercial readiness of the process. As a result,
CONSOL began engineering and economic evaluation early in the project, and this
was an ongoing process. Part of this evaluation by CONSOL involved the
development of a heat and mass balance computer model which was used as a tool
to help estimate process costs.

In early 1993, an interim process economic evaluation was completed. The interim
study was initiated in order to explore the feasibility of an intermediate scale-
up test of the process. Results indicated that Advanced Coolside had an economic
advantage relative to limestone wet scrubbing for a range of plant sizes and coal
sulfur levels. The evaluation identified several areas for potential process
improvement, including equipment design optimization and sorbent utilization
optimization. Areas identified for design optimization included improvement of
the gas/liquid contactor design, improvement of the sorbent recycle handling
system, and improvement of the waste handling system. As a result, it was
decided to continue process optimization in the 1000 acfm pilot plant to explore
these further areas of cost reduction. Pilot plant development work in these




areas is described in Topical Report 2. Sorbent utilization optimization work
is described in Topical Report 3.

Based on the results of the interim economic study, economic targets were estab-
Tished for the process. These were to achieve a 20% levelized cost advantage and
a 50% capital cost advantage over limestone wet scrubbing for a range of plant
sizes and coal sulfur levels.

In Tate 1993, CONSOL conducted a second interim process economics study. The
study confirmed that projected S0, removal costs for the Advanced Coolside
process were substantially reduced by the process design improvements established
during pilot plant development work. In addition, the study showed that the cost
advantage applied to a range of plant sizes and coal sulfur levels.

This report presents the results of a final process economic study for the
Advanced Coolside process, under DOE Contract DE-AC22-91PC90360. It incorporates
the results of recent pilot plant development work. It also includes results of
the engineering studies aimed at design improvement.

The Advanced Coolside process was compared to the commercial technology of Time-
stone forced oxidation (LSFO) for retrofit applications. The SO, abatement
processes were evaluated at three plant sizes (160 MW, 262 MW, and 512 MW, gross)
and four coal-sulfur levels (1.0%, 1.5%, 2.5%, and 3.5%, as-received).

The performance and economics of the technologies were assessed using the CONSOL
Coal Quality Cost Model (CQCM), developed by CONSOL in the 1980s.° A process
inlet flue gas flow rate and composition were estimated for each coal and plant
size using the power plant module of the CQCM. These values were incorporated
into an Advanced Coolside Cost Model (ACCM) and a LSFO model to provide the final
process economics. The LSFO model was developed by CONSOL in the 1980s® and is
regularly updated. Economic assumptions were based on EPRI technical assessment
guidelines.

Capital costs for the two processes were compared and expressed as $/net kW. 1In

addition, detailed total compliance costs were determined for all scenarios
investigated, in total Tevelized dollars and $/ton S0, removed.
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To achieve consistency for a comparative evaluation, similar design philosophies, -
equipment cost algorithms, and financial assumptions were used for the evaluation
of both technologies.




CONCEPTUAL PROCESS DESIGN-ADVANCED COOLSIDE

The process flow for the Advanced Coolside process is categorized into fresh
sorbent handling, sorbent preparation, flue gas flow, ash dewatering, and ESP
waste handling sections.

FRESH SORBENT HANDLING

The hydrated 1ime handling area for the off-site hydration scenario is designed
for rail delivery of hydrated Time. The hydrate is conveyed pneumatically from
the railcars to the hydrate storage silo. The hydrate then is transferred from
the storage silo to the duct injection point via the pneumatic injection blowers.

SORBENT PREPARATION

The pebble (quick) 1ime handling and preparation area for the on-site hydration
scenario is similar to the off-site hydration area, except for the addition of
hydrators. Pebble Time is pneumatically transferred from the unloading section
to a day bin and hydrator feed bin. The pebble Time then is fed to the hydrator
where water is added. The fresh hydrate is conveyed to the hydrate day bin while
the grits, or insoluble residue, are fed to the grits bin. The hydrator is
equipped with a vent scrubber and fan package for vent gas cleanup.

FLUE GAS FLOW

The flue gas flow area consists primarily of a venturi contactor, sorbent
injection ports, and new duct run. It is assumed that the existing duct from the
boiler splits into two trains each containing air heater and ESP modules.

To remove fly ash and humidify to saturation, the flue gas passes through the
venturi contactor and contacts with coarse water sprays at the venturi throat.
Pressure-drop-induced turbulence in the venturi throat breaks up the water
droplets improving contact and vaporization. Total pressure drop across the
venturi contactor is five inches of water. The water injection system in the
venturi uses low-pressure, low-erosion nozzles. The system does not require a
second fluid, such as air, and an associated compressor. Excess water and most
of the fly ash are separated from the flue gas in the cyclone section of the
venturi contactor and collect in the bottom. Once collected, the ash slurry is
pumped to the dewatering section.




Prior commercial operating experience shows that the ESP can be successfully
operated at an 18 °F approach to saturation. This study assumes that operation
at a 10 °F minimum approach is possible; however, a reheat system is included in
the design as a contingency. Like the return duct, the ESP is heat traced.

Once the flue gas passes through the ESP, it enters the existing ID fan and a new
booster fan. A booster fan will not be required if the existing ID fan has
sufficient excess capacity to cover the additional power requirement resulting
from the Advanced Coolside process pressure drop. However, it is assumed that
the existing ID fan is sized exactly for the existing (i.e., pre-retrofit) flue
gas conditions. The booster fan is sized for the additional process pressure
drop after correcting for the new process conditions. A steam reheater is
included at the ID fan exit to assure sufficient stack buoyancy. It is designed
to give a 30 °F approach to saturation.

ESP WASTE/RECYCLE SOLIDS HANDLING

Solids that are collected by the ESP are conVeyed continuously from the ash
hoppers to the recycle solids bin and the waste silo. Water is added to the
recycle, sorbent using a mixer. Once the water is added, the wetted sorbent is
injected into the duct.

ASH DEWATERING

Dewatering of the venturi contactor bottoms is carried out with hydroclones. Use
of hydroclones instead of a thickener results in a smaller footprint and Tower
capital cost.

Holding tanks are placed at the venturi contactor exit, hydroclone bank overflow,
and hydroclone bank underflow. Pumps move the venturi contactor bottoms to the

hydroclones and various other points in the process.

The fly ash and spent sorbent are disposed of by trucking to a land fill.




PROCESS DESCRIPTION-LIMESTONE FORCED OXIDATION

The limestone forced oxidation (LSFO) process is a standard post-ESP wet FGD
process.  The LSFO process uses the current state-of-the-art design for
commercial operation. A single absorber module with no spare is assumed.




PROCESS DESIGN CONDITIONS

ADVANCED COOLSIDE

The Advanced Coolside process is assumed to operate at 90% total S0, removal and
a fresh Ca/S ratio of 1.2, to yield a calcium utilization of 75%. S0, removal
in the ESP is assumed to be 4% (absolute).

The pebble 1ime or hydrate storage silo has a capacity of 30 days while the silo
feed blowers are sized for six times the required fresh lime feed rate. The
recycle solids bin has a four-hour capacity.

For the on-site hydration scenarios, the commercially available hydrators are
sized at either 10 or 15 tons per hour of product. One spare hydrator is
supplied for each plant.

A pressure drop of 5" H,0 is estimated for the venturi contactor. Although the
pilot plant venturi was operated at 6-8" H,0, less pressure drop is expected in
a commercial unit designed with a more gradual expansion after the throat. At
these conditions, it is assumed that the venturi contactor removes 85% of the
incoming fly ash and humidifies the flue gas to saturation. The contactor is
designed to resist acid corrosion.

Corrosion-resistant material is used for the duct between the venturi contactor
and the injection point. Since the presence of the alkaline solids eliminates
acid corrosion, the new duct after solids injection is constructed of carbon
steel.

The post-injection duct Tayout is configured to yield a total flue gas residence
time of three seconds at 50 fps average velocity after lime injection. Half of
the total residence time, or 1.5 seconds, is obtained in the new duct run while
the remaining 1.5 seconds is obtained in the existing dual ducts. Process
equipment Tayout considerations require much of this new duct length to provide
reasonable access for maintenance. The total reaction duct requirement of three
seconds is based upon engineering judgment of mixing conditions in the Targe
ducts. The additional pressure drop resulting from the new duct run is estimated
to be 1.5" H,0.




Heat tracing of the ESP is included to insure that condensation doées not occur
on the walls. Ductwork from the venturi contactor through the ID fan is also
heat traced. The electric costs correspond to operating the heat tracing at an
annual average of 70% of design capacity.

Staffing of the Advanced Coolside process is set at an average of 3.25 operators
per shift. This consists of three operators per shift, seven days a week, plus
one operator on daylight during the five-day work week for waste disposal.

LIMESTONE FORCED OXIDATION

The LSFO Process is designed for 90% S0, removal and operates at a 1.05 available
fresh Ca/S ratio. No additives are utilized in the system. A single absorber
design philosophy is assumed for all plant sizes. Hydroclones are used for
primary dewatering of absorber slurry. A new 350-ft high stack is assumed.
Staffing for the LSFO Process is averaged at 4.2 operators/shift.




TECHNICAL AND ECONOMIC CRITERIA

The prices of consumables are 1isted in Table 1. Both lime and limestone prices
are a function of site-specific delivery factors and may vary with location. A
significant change in the delivered pebble 1ime or hydrate price will affect the
economics of the technologies. For this report, the economics for generic
delivered prices of pebble Time and hydrate for river (barge transport) and
inland (barge plus rail/truck transport) locations were generated. Lime plant
fob prices were set at $50/ton for pebble 1ime and $54/ton for hydrate. Barge
transport rates were set at $4/ton for pebble 1ime and $5/ton for hydrate while
truck/short rail rates were set at $3/ton and $6/ton, respectively. The
difference in the transport rates for pebble 1ime and hydrate reflect truck/car
capacities for the different bulk densities (60 1b/cf for pebble lime versus
35 1b/cf for hydrate).

Specifications for the 2.5% sulfur coal are listed in Table 2. The coal repre-
sents a cleaned, eastern bituminous product.

Design assumptions for the processes are 90% SO, removal, 65% net capacity
factor, and 30-year capital 1ife. Indirect costs, expressed as a percentage of
direct costs, consist of 13.8% field costs, 22.4% home office, and 1% bonds, all-
risk insurance, and tax. An 18% contingency is used for all technologies.

A medium-difficulty retrofit level and a standard 1.06 location factor are
assumed for all technologies. A two-year construction 1ife is used for Advanced
Coolside while LSFO is based on a three-year construction 1ife. Other
assumptions are a 4.5% inflation rate, 45% debt, and a 38% income tax rate. All
costs are in 1992 dollars.




ECONOMIC RESULTS

Predicted capital costs and total annual levelized costs for the Advanced
Coolside process are listed in Tables 3 and 4. The capital costs are expressed
in $/net kW of capacity while the total annual levelized costs are expressed in
$/ton SO, removed. Note that these costs do not include coal or other boiler-
related expenses. As a result, the costs in Table 3 represent the total
~ additional SO, control cost that results from the capital expenditure costs,
operating costs, maintenance costs, and variable costs attributed solely to the
FGD process. Plots comparing the capital and levelized compliance costs for
Advanced Coolside and wet FGD (LSFO) for the 262 MW plant cases are shown as
Figures 1 and 2.

Advanced Coolside has significantly Tower capital cost requirement than LSFO for
all cases investigated. The capital cost advantage for the Advanced Coolside
process over LSFO ranges from 50% for the 1.0% sulfur coal, 160 MW plant, on-site
hydration case up to 62% for the 2.5% sulfur, 160 MW plant, off-site hydration
case. For the 512 MW plant cases, the capital cost advantage ranges from 53% for
the 1.0% sulfur coal, on-site hydration case up to 59% for the 3.5% sulfur coal,
off-site hydration case.

Advanced Coolside enjoys a total levelized cost advantage relative to LSFO for
all cases. The total removal cost advantage for the Advanced Coolside process,
at a river location, relative to LSFO, on a $/ton S0, removed basis, ranges from
17% for the 3.5% sulfur coal, 512 MW plant, on-site hydration case to 35% for the
1.0% sulfur, 160 MW plant, off-site hydration case. For the 262 MW plant burning
a 2.5% sulfur coal and employing on-site hydration, the Advanced Coolside
compliance cost advantage is 26%.

For the 262 MW plant burning a 2.5% sulfur coal, adding the hydrator to the
Advanced Coolside process increases the required capital by $12/kW but decreases

the overall removal cost by $12-17/ton of S0, removed, depending on the reagent
delivered prices.
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PROCESS IMPROVEMENTS

A number of key process improvements have been added to the Advanced Coolside
process since the initial interim economic study. For the 262 MW plant size
burning a 2.5% sulfur coal, total process capital was reduced by approximately
$6.8 MM, which translates to over $62/ton SO, removed. Since these are capital
cost savings, the levelized cost, $/ton SO, removed, is much higher for the low-
sulfur coals. For the 1% sulfur coal, the savings is 2.5 times the previously
mentioned $62/ton SO, removed. This reduction was a result primarily of
switching to a venturi contactor for fly ash removal and humidification
(~$4.0 MM), using hyaroclones in place of a thickener for ash dewatering
(~$2.0 MM), and improving the recycle handling system (~$0.8 MM). The process
improvements were corroborated by either pilot plant tests or by engineering
studies and vendor recommendations.?
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TABLE 1

PRICES
Price
Pebble Lime, River/Inland $54/$60/ton
Hydrate Lime, River/Inland $57/$65/ton
Limestone $15/ton
Water $0.60/Mgal
Fly Ash Credit $8/ton
FGD Waste Disposal $6.50/ton
Replacement Power $30/MU
Operating Labor $22/hr
Maintenance Labor $18.90/hr
Administration $16.87/hr
TABLE 2
COAL SPECIFICATIONS
Coal Sulfur Level 2.5% S
Proximate Analysis, wt %
Moisture 5.5
Volatile Matter 36.5
Ash 7.5
Sulfur 2.5
Heating Value, Btu/1b 13,200
Ultimate Analysis, wt % dry
Hydrogen 5.2
Carbon 77.5
Nitrogen 1.4
Oxygen 5.2
Sulfur 2.7
Ash 7.9
Chlorine 0.1
Heating Value, Btu/1b 13,968
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TABLE 3

SUMMARY OF COST

Capital Cost Levelized Cost
Coal Suffur Plant Size Pebble & Advanced Advanced Advanced Advanced
Hydrate Coolside Coolside Coolside Coolslde
w/o Hydrator w/Hydrator w/o Hydrator w/Hydrator
% AR MW $/ton $/Net KW $/Net KW $/ton SO, $/ton SO

262

54/60

82

315

262

57/65

82

323
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*Note:

TABLE 4

DETAILED COSTS OF 262 MW, 2.5% SULFUR COAL CASE
FOR RIVER DELIVERY

Process Advanced Coolside
Hydration 0ff-site, $ On-Site, %
“Capitalss

Reagent Preparation
Sorbent Injection
Venturi Train

Flue Gas Handling
Reaction Duct/Absorber
Recycle System
Particulate Collection
Reheat

Waste Handling

Chimney

Miscellaneous

Total Direct

OOHOOOCAM=OMN
e s 2 e s e e ¢ o .
00
(Yo}
~

OCOOOOO ™ IW
L) . . . L] . . . L] .
[00]

Yol
~q

Field
Home Office
Bond, ARI, Tax

Contingency

TPI

$/net Ki_ .

‘avalized Cost Sectior

Capital

Levelized TPI 2.117 2.427
Preproduction 0.195 0.205
Working Capital 0.136 0.138
Total Capital 2.448 2.770
Variable 0&M

Reagent 2.235 1.547
Water 0.054 0.054
Waste Disposal 0.543 0.543
Power 0.537 0.552
Total Variable 08&M 3.369 2.696
Fixed 0&M

Operating Labor 0.626 0.626
Maintenance 0.522 0.590
Administration 0.250 0.259
Total Fixed 1.398 1.475
Total 0&M 4.766 4.171
Total Levelized Cost 7.214 6.941
$/ton SO, Removed 315 303

Costs are expressed in $MM unless stated otherwise.
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APPENDIX B

DESIGN OPTIMIZATION

An excerpt of Topical Report No. 2,% which discusses recycle optimization and
equipment design optimization, follows. The Conclusions, Experimental, and
Discussion sections, figures, and selected tables are included.




CONCLUSIONS

RECYCLE OPTIMIZATION
1.

By optimizing recycle, 90% SO, removal was achieved at sorbent utilizations
of up to 75%, exceeding the original performance target of 60% sorbent
utilization. At a 1.2 fresh Ca/S ratio, a recycle ratio of 7 1b recycle/1b
Time, and a water addition Tevel of 0.12 1b/1b recycle, S0, removal was 87%
in the duct and 91% across the system. In this test, the reaction in the
baghouse was partially quenched to simulate the S0, removal expected in an
ESP.

Recycle tests showed that the Advanced Coolside process has the potential
for very high SO, removal. With a baghouse, S0, removal greater than 99%
was achieved at a sorbent utilization efficiency exceeding 60%.

PROCESS EQUIPMENT DESIGN OPTIMIZATION

1.

A second generation contactor, consisting of a spray zone and a mist
eliminator, showed good performance in pilot plant tests in terms of
humidification efficiency, particulate collection efficiency, and
operability. Downstream desulfurization results were equivalent to those
with the Waterloo scrubber; the recycle results reported above were
obtained using the second generation contactor. Operating conditions, such
as water flow and atomization conditions, were optimized through parametric
tests in order to reduce operating and capital costs.

Pilot plant tests indicated the feasibility of a third generation contactor
design, consisting of a low-pressure-drop venturi and a cyclonic separator.
The particulate collection efficiency and operability were good. The level
of humidification achieved was typically within 1 to 4 °F approach to
saturation. Downstream desulfurization performance was slightly less than
with the second generation contactor design; 5 to 15% higher Ca/S ratio was
required to achieve the performance target. The injection of a small
amount of steam at the cyclonic separator exit was found to give a closer
approach to saturation (0 to 1 °F) and to increase desulfurization perform-
ance. MWith steam injection, the required Ca/S feed rate with the venturi
contactor was about the same as with the second generation design.
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A pugmill was shown to be effective for recycle moisture addition, in place
of the high intensity mixer previously used. Pilot tests were conducted in
conjunction with a commercial vendor. Operability was good. The recycle
material wetted in the pugmill showed the same desulfurization activity as
that wetted in the high intensity mixer. The tests provided cost and scale
up data.




DESCRIPTION OF ADVANCED COOLSIDE PROCESS

Figure 1 shows a schematic of the Advanced Coolside process. The process
achieves greater SO, removal and sorbent utilization than previous duct sorbent
injection processes by operating at a higher flue gas humidity and by more fully
exploiting the potential of sorbent recycle. The key to the process is a gas/
liquid contacting device downstream of the air preheater. The contactor serves
two purposes: to nearly saturate the flue gas with water and to remove most of
the coal fly ash from the flue gas. The sorbent is injected downstream of the
contactor into the highly humid flue gas. Hydrated 1ime is very active for SO,
capture near the saturation point, even in the absence of Tiquid water droplets.
Because the flue gas is already humidified prior to sorbent injection, there is
no strict residence time requirement for droplet evaporation. S0, is removed by
the sorbent in the duct and by that collected in the existing electrostatic
precipitator (ESP) or baghouse. The heat of reaction between SO, and hydrated
lime raises the temperature of the flue gas by roughly 8-10 °F for each 1000 ppm
of SO, removed. Therefore, the particulate collector can be operated at an
elevated approach to saturation without flue gas reheat. However, because
hydrated Time activity is highly sensitive to the approach to saturation, this
reaction heat effect also acts as a Timiting mechanism for S0, capture.

The spent sorbent is captured by the existing particulate collector as a dry
powder. Sorbent recycle is an integral component of the Advanced Coolside
process. Laboratory and pilot plant tests have shown that recycle sorbent is
quite active for SO, capture at high humidity. The potential for recycle is
increased because fly ash is removed separately before sorbent injection.
Furthermore, process performance can be improved by adding small amounts of H,0
to the recycle sorbent prior to re-injection. The water acts to maintain a close
approach to saturation by evaporating, thus, counteracting the heat of reaction.

Equipment design optimization has focused on the flue gas/water contactor. For
the initial pilot plant testing the contacting device was a Waterloo
scrubber.™ 15 This is a commercially available device, marketed by Turbotak
Technologies Inc. Design and testing of improved contactor designs, substan-
tially simpler than the Waterloo scrubber, was one of the key work areas
described in this report.




EXPERIMENTAL

PILOT PLANT DESCRIPTION

Figure 2 is a schematic of the Advanced Coolside desulfurization pilot plant.
It was designed to simulate integrated Advanced Coolside operation with combined
flue gas saturation and fly ash removal using a contactor, and sorbent injection
downstream of the contactor into the saturated flue gas. The plant consists of
a flue gas generation system, a flue gas/water contactor, a spent slurry handling
system, sorbent injection systems, a recycle sorbent moisture addition system,
the test duct section/reactor, a baghouse, a flue gas cooling and recycle system,
and flue gas analyses systems.

Flue Gas Generation System

A simulated flue gas stream is produced by mixing the combustion products of a
natural gas combustor, bottled gases (SO, and C0,), steam, plant N,, and fly ash
with a recycle gas stream from the process. Gas flows of 150 to 350 scfm are
generated in this manner. The gas combustor serves to generate make-up flue gas
and to raise the flue gas temperature to the desired level. The inlet S0,
content can be varied from 500 to 2500 ppm by SO, injection. The fly ash loading
can be varied from 0 to 5 gr/scf. The flue gas adiabatic saturation temperature
at the baghouse exit is controlled by the rate of steam injection upstream of the
contactor.

Recycle of the flue gas provides over 80% of the total flow. After particulate
removal, the flue gas is cooled by a heat exchanger, and condensed water is
removed by an impaction separator. The gas then is recycled by means of a
blower.

Contactor

Three different contactor designs were evaluated as part of this test program.
These included a Waterloo scrubber provided by Turbotak Inc., a second generation
design consisting of a spray zone followed by a mist eliminator, and a third
generation design consisting of a venturi followed by a centrifugal separator.
The designs of these contactors are discussed in detail later in this report.
A1l the contactors were designed to remove fly ash and nearly saturate the flue
gas with water.




- To increase contactor gas throughput, a contactor recycle fan provides the
abiTity to recirculate flue gas from the contactor exit directly back to the
contactor inlet; this was provided because the original Waterloo scrubber was
designed for 1000 acfm, which is higher than the maximum output of the flue gas
generation system. During operation of this contactor recycle fan, coal-fired
post-air-preheater flue gas conditions are simulated by mixing high-temperature
(~450 °F) flue gas from the flue gas generation system with the low-temperature
flue gas recycled from the contactor exit. When the contactor recycle fan is not
in.use (i.e., low contactor throughput tests), the flue gas generation system is
regulated to supply lower temperature (ca. 300 °F) flue gas to the contactor
inlet.

Spent STurry Handling

Solids are removed as a slurry from the contactor. The spent slurry is pumped
to a gravity separator. Solids are removed as a sludge (approximately 50/50 fly
ash/water by weight). The clarified Tiquor is recycled to the contactor. Make-
up fresh water is added as needed.

Flue Gas Ductwork

The saturated flue gas exiting the contactor passes through 53 ft of 5-inch pipe,
then 24 ft of 8-inch pipe and then 7 ft of 4-inch pipe before entering the bag-
house. This simulates the ductwork in the Advanced Coolside process, providing
contact between sorbent particles and the humid flue gas. Sorbent was injected
into the 5-inch pipe near the contactor exit.

Recycle Sorbent Moisture Addition
A batch mixer manufactured by Littleford Bros., Inc. is used for tests with water
addition to recycle sorbent.

Baghouse
A baghouse is used to remove particulates from the duct effluent flue gas. It

is a pulse-jet type baghouse with 9 bags, giving a total cloth area of 144 ft2.
Solids are collected in a 55-gal drum under the baghouse hopper. The hopper is
sealed by a butterfly valve. The baghouse is heat traced to maintain adiabatic
operation.




The flue gas can be reheated before the baghouse to control the approach to
saturation at the baghouse exit. Reheat is accomplished by injecting hot air
between the duct exit and the baghouse. The approach to saturation at the
baghouse exit can be varied from 10 to 25 °F. As mentioned above, a 10 °F
approach can be maintained without reheat, due to the reaction heat effect.

Flue Gas Analysis

The flue gas composition is measured continuously by on-Tine analyzers at four
locations: the contactor inlet, the contactor exit (duct inlet), the duct
outlet, and the baghouse exit. This allows measurement of SO, removals in the
contactor, in the ductwork, and in the baghouse. S0, and 0, contents are
measured at all Tocations. The 0, content is used to correct for air in-leakage.
Gas sampling systems are designed to prevent further reaction of SO, with the
sorbent particles. The flue gas analyzers are also used to control the
concentration of S0,, N, and CO, into the system.

TEST PROCEDURES

Recycle Optimization Tests

Simulation of Steady-State Recycle. The Advanced Coolside pilot plant can be
operated to closely simulate continuous, steady-state sorbent recycle. Spent
sorbent from the baghouse is removed periodically during operation. A portion
is returned to the recycle feeder hopper with or without moisture addition, and
a portion is discarded. The recycle then is fed continuously back into the flue
gas simultaneously with fresh hydrated lime. A recycle simulation test is
initiated using baghouse solids from previous once-through or recycle tests as
the recycle sorbent.

In some of the previously reported recycle simulation tests, the conditions for
steady-state continuous recycle were approached, but not fully established.’™
The sorbent utilizations based on analyses of baghouse solids were lower than the
calculated utilizations based on gas analyzer and the sorbent feed rate data.
In the test program reported here, steady-state conditions were more closely
approached by extending the duration of the tests and by reducing the inventory
of sorbent in the system. Each test was continued until on-the-spot solid
analyses confirmed that steady-state recycle conditions had-been established, or
closely approached.
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Simulation of ESP and Baghouse Performance. In the recycle tests there were two
modes of baghouse operation. In some tests, the baghouse exit was operated at
a relatively high approach to adiabatic saturation (20-25 °F) by reheating the
gas entering the baghouse with hot air injection. This was done to 1imit the S0,
removal in the baghouse and roughly simulate the SO, removal expected in an ESP.
Previous experience with the Coolside process':® indicates that ESP removal is
limited by gas phase mass transfer; because of the high sorbent activity, this
is expected to be the case for the Advanced Coolside process as well.

In other tests, no reheat was used and the baghouse exit was operated at a lower
approach (10-13 °F) to maximize the SO, removal in the system. In the later
case, the heat of reaction in the duct and the baghouse was sufficient to
maintain the 10-13 °F approach.

Moisture Addition. In most of the tests reported here, the recycle sorbent was
wetted using a high-intensity batch mixer, which is described above. Procedures
for wetting recycle were selected to optimize operability, based on prior CONSOL

experience.

One batch of sorbent was treated in a continuous, pilot-scale (100-1200 1b/hr)
pugmill at the test facilities of Heyl & Patterson, Inc. This material was
tested in the pilot plant to compare its desulfurization performance with that
of sorbent prepared in the batch mixer. These results are discussed in detail in
a later section.

Sorbent Injection. In all the recycle tests reported here, the sorbents (fresh
and recycle) were injected into the humidified duct at the contactor exit.
Between the sorbent injection point and the baghouse was 84 ft of ductwork,
giving an in-duct gas residence time of 2.7 sec. A more detailed description of
the ductwork is given in the section on operability.

Performance Measurement. The SO, removals reported are based on the readings of
the continuous gas analyzers Tlocated at the contactor exit prior to sorbent
injection, the duct exit, and the baghouse exit. The removals reported were
measured near the eﬁd of a test, after steady-state recycle conditions had been
established or closely approached. The data represent an average over time
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periods during which the process conditions (temperatures, 'sorbent feedrates,
flue gas flow, etc.) were lined out.

The system (duct + baghouse) SO, removals were confirmed in each test by analysis
of the baghouse solids. In one test, the in-duct SO, removal was confirmed by
EPA Method-6.

Contactor Operation. In all the recycle optimization tests, the contactor was
operated to achieve near saturation conditions. Two different contactors were
used: the Waterloo scrubber and the second generation contactor consisting of a
spray chamber and mist eliminator. The second generation contactor was used in
the majority of the tests. Since saturation was closely approached in all tests,
the contactor used did not affect desulfurization performance. Operating condi-
tions for achieving saturation are given in the discussion of contactor

optimization Tater in this report.

The flue gas temperature at the contactor inlet was controlled at ~300 °F by
controlling load on the gas combustor. The flue gas adiabatic saturation
temperature was controlled at ~125 °F at the baghouse exit by controlling the
rate of steam injection upstream of the contactor. The saturation temperature
at the control point (baghouse exit) was lower than that at the contactor exit
or that at the duct exit due to dilution by sorbent transport air and by flue gas
reheat air. A rough calculation based on estimated dilution flows indicated that
the saturation temperature was ~3 °F higher than the control point at the
contactor exit and ~1 °F higher at the reactor/duct exit during once-through
operation.

No fly ash was injected into contactor inlet flue gas for any of the recycle
optimization tests. This was done for test simplicity. As discussed in Topical
Report No. 2, tests confirmed that the contactors removed over 95% of the inlet
fly ash and that the presence of fly ash in the inlet gas did not affect down-
stream desulfurization performance.

Contactor Optimization Tests
Contactor Operation. The contactor recycle system was used during this test
program to enable the contactor to handle higher gas throughput than provided by
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the existing flue gas generation system. This consists of a fan which recycles
some of the flue gas from the contactor exit to the inlet. Flue gas flows of 400
to 1000 acfm at 270 to 290 °F were generated by controlling recycle flow and the
temperature of the gas from the flue gas generation system.

Fly ash was injected into the flue gas upstream of the contactor only for the
particulate collection efficiency tests; for test simplicity, fly ash was not
injected during other tests.

Details of operation for each contactor design tested are provided in a later
section.

Flue Gas Duct Operation. A minimal amount of heat was applied to the duct walls
to simulate near-adiabatic operation of a large duct.

Baghouse Operation. The normal operation of the baghouse was changed because of
the difficulty in measuring relative humidity near the saturation point. The
flue gas relative humidity is normally determined from a psychometric chart using
the measured wet bulb and dry bulb temperatures. However, at conditions very
close to saturation, there is 1ittle driving force for evaporation from a wetted
wick thermocouple and, consequently, the wet bulb temperature measurement can be
less reliable. In the saturation efficiency tests there was no sorbent fed to
the duct and, thus, no exothermic heat of reaction between SO, and sorbent to
raise the gas temperature. As a result, the flue gas temperature was nearly
equal to the wet bulb temperature when the gas exited the duct/reactor. Electri-
cally heated plant air (300 to 350 °F) was mixed with the flue gas at the duct
exit upstream of the baghouse to raise the flue gas temperature to about 25 °F
above the wet bulb temperature; wet bulb temperatures are more accurately
measured under these conditions. The amount of added air was calculated based
on the reheat gas temperature and the flue gas temperature measured at the
baghouse inlet and exit; this number then was used to calculate the relative
humidity of the undiluted, unheated flue gas.

During the SO, removal tests the heated plant air was used in the same manner to
increase the baghouse flue gas temperature for tests made at 18 to 25 °F approach
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to saturation. Tests made at a 10 to 15 °F approach required 1ittle or no reheat
due to the exothermic heat of reaction.

Fly Ash Feed. The fly ash used during the particulate collection efficiency
tests came from three sources: the Cleveland Electric IT1Tuminating Company Avon
Lake Power Plant, the Duquesne Light Company Elrama Power Plant, and New York
State Electric and Gas Company Kintigh Power Plant. Al11 three were bituminous

coal fly ashes with mass mean diameters in the range 10 to 15 um.

Fly Ash Collection Efficiency Measurement. Fly ash grain loading was measured
at the contactor exit using EPA Method 17. The inlet fly ash loading was
determined based on the weighed fly ash feed and the flue gas flow determined by
pitot tube traverse.

Water Droplet Size and Surface Area. The water droplet Sauter mean diameters
produced by the water spray nozzles were calculated from the air pressure and
water flow rate using information supplied by the contactor supplier. The total
droplet surface area was calculated from the Sauter mean diameter and the total
water flow.

TEST PROGRAM

Recycle Optimization Tests

In the recycle optimization tests, the following variables were investigated over
the indicated ranges:

. Fresh Ca/S mol ratio: 1.2 - 1.6
. Recycle Ratio (1b dry recycle/1b fresh lime): 3.3 - 6.9

. Moisture Addition to Recycle Sorbent (1b water/1b recycle sorbent):
0.00 - 0.15

. Approach to Adiabatic Saturation at the Baghouse: 9 - 24 °F
. In-duct Gas Residence Time: 1.0 - 2.7 sec

For each test the inlet SO, concentration was 1500 ppm (dry), and the fresh
sorbent was Mississippi hydrated 1ime (see Table 1). The test conditions and
results are summarized in Tables 2 and 3. Run conditions and results are given
in Tables 4 and 5.
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Contactor Optimization Tests

For each of the contactor designs tested, a statistically designed test matrix
in the key operating parameters was employed. The experimental design was
different for each contactor design; details are provided in a later section.
At each test condition the pilot plant was operated until temperatures Tined out.
For a humidification efficiency test, data were collected for at least one hour
after line out.

TEST SORBENT

The fresh sorbent used in all the recycle optimization tests was a high calcium
hydrated 1ime obtained from Mississippi Lime Company. This lime was used in the
105 MW demonstration of the Coolside process and in previous tests of the
Advanced Coolside process. A typical analysis of this lime is given in Table 1.
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DISCUSSION OF RECYCLE OPTIMIZATION TEST RESULTS

PROCESS PERFORMANCE GOALS EXCEEDED

The results of the recycle optimization tests show that the process performance
targets of 90% SO, removal and 60% sorbent utilization can be exceeded. -Figure 3
shows the SO, removals and corresponding sorbent utilizations achieved in the
recycle optimization tests at different combinations of process variables. The
data show that the 90% SO, removal target can be achieved at sorbent utilizations
of over 70%. The data also show that very high S0, removals (90 to 99+%) can be
achieved while maintaining at Teast 60 % sorbent utilization. Sorbent recycle
is a key to achieving these levels of performance.

RESULTS OF TESTS SIMULATING SO, REMOVAL WITH AN ESP

The tests Tisted in Tables 2 and 4 were conducted with hot air reheat to maintain
a baghouse exit approach to saturation of ~25 °F, and with frequent baghouse
pulse cleaning. This mode of operation was used to reduce the SO, removal in the
baghouse and roughly simulate SO, removal with an ESP.

The results of these tests show that the target SO, removal of 90% can be
achieved at sorbent utilizations of up to about 75%. In tests 12, 13 and 12A
(Tables 2,4), conducted at various combinations of fresh Ca/S and recycle ratio,
the system SO, removals were 90% for each test and the sorbent utilizations
ranged from 60% to 75%. As shown in Table 2, the mode of operation limited the
S0, removal in the baghouse to 3 to 7% absolute, which is within the approximate
range that would be expected in an ESP. In-duct SO, removals for these tests
ranged from 83 to 87%. The results of these tests indicate that with an ESP the
system removal of 90% can be achieved.

RESULTS OF TESTS SIMULATING S0, REMOVAL WITH A BAGHOUSE

The tests listed in Tables 3 and 5 were conducted with a baghouse approach to
saturation of 9-12 °F and less frequent baghouse pulsing (ca. every 30 to
60 min). These tests were conducted to simulate SO, removal in a plant with a
baghouse. The results show that the process is capable of very high S0, removal
(90 to greater than 99%), while maintaining the process target of 60% sorbent
utilization. In tests 11 and 11A, at a 1.6 fresh Ca/S mol ratio and a recycle
ratio of 3.8, the system SO, removals were 97 to 99+% and the sorbent
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utilizations were 60-61%. In test 17B at a fresh Ca/S ratio of 1.2 and a recycle
ratio of 7 1b/1b, in-duct and system SO, removals were 84% and 92%, respectively.

EFFECT OF PROCESS VARIABLES

Moisture Addition to_Recycle

The addition of moisture to the recycle sorbent had a strong positive effect on
desulfurization performance of the sorbent. Figure 4 shows that the addition of
0.15 1b H,0/1b of recycle sorbent, at d 1.2 fresh Ca/S mol ratio, a 5.0 recycle
ratio and a 10 °F approach in the baghouse, increased the in-duct S0, removal
from 59% to 81% and the system removal from 73% to 88% (Tests 6A and 10, Tables 3
and 5). The sorbent utilization increased from 61% with no moisture addition to
71% with moisture addition. Tests 6A, 7A and 8A, (Tables 3 and 5) also point out
the positive effect of moisture addition. The system SO, removal (73%) and the
sorbent utilization (61%) in Test 6A, with no moisture addition, were lower than
the removals (81-84%) and utilizations (65-67%) in Tests 7A and 8A with moisture,
even though Test 6A employed a higher recycle ratio.

Table 3 shows that there was Tittle, if any, advantage in increasing the amount
of moisture addition from 0.10 to 0.15 1b water/1b recycle sorbent. Test 8A made
with 0.10 Tb water and test 7A made with 0.15 1b water (other conditions the
same) showed very similar SO, removals in the duct and system and very similar
sorbent utilizations.

The optimum water addition Tevel determined in pilot tests may not apply directly
to large-scale operation. 1In the pilot plant the ratio of transport air to
sorbent is much greater than typical for a large-scale transport system. Also,
the air used in the pilot plant is dry plant air. Consequently, in the pilot
plant more water is required on the sorbent to allow for the evaporation into the
dry transport air.

Wetting/Injection of Recycle Sorbent Together With Fresh Lime

In the majority of the tests reported here, the fresh lime (dry) and wetted
recycle sorbent were handled in separate feed systems. In some tests the fresh
and recycle sorbents were blended, treated with water, and injected into the duct
from one feeder. As shown in Tables 2 and 4, the wetting procedure had no
apparent effect on the desulfurization performance of the sorbent. Test 12,
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conducted with separate injection, and test 12A, condicted with moisture addition
to the combined sorbent feed, had essentially the same in-duct and system S0,
removals and sorbent utilizatijons.

Fresh Ca/S Ratio and Recycle Ratio

Increasing the fresh Ca/S ratio or the recycle ratio increases the amount of
available calcium in the system; that is, total calcium in the fresh and recycle
sorbents not associated with sulfur (Ca(OH),, CaC0;). An increase in total
available calcium substantially increases the SO, removal, as shown in Figure 5.
At a 10 °F approach to saturation in the baghouse and with 0.15 1b H,0/1b
recycle, increasing the total available Ca/S ratio from 2.3 to 3.8 increased the
in-duct S0, removal from 60% to 88% and the system SO, removal from 84% to 97%.
The data indicate that by maintaining a high enough concentration of available
calcium in the sorbent, the process target of 90% SO, removal can be achieved or
exceeded.

In-duct Residence Time

A study of in-duct residence time showed that there was 1ittle effect of
residence time between 1.7 and 2.7 sec on the in-duct SO, removal. On the other
hand, between 1.0 and 1.7 sec, residence time had a significant effect. The
results indicate that high SO, removals and sorbent utilizations can be achieved
with 1.7 to 2.0 sec in-duct residence time. Construction of additional ductwork
to increase the residence time above 2.0 sec appears to be unwarranted.

At a 1.2 Ca/S mol ratio and a 7/1 recycle ratio (Test 13, Figure 6, Table 7), the
in-duct removal increased from 62% at 1.0 s to 83% at 1.7-2.0 sec. At 2.7 sec
the removal was 86%, a small increase over that observed at 1.7-2.0 sec. At a
1.5 Ca/S ratio and a 4.3 1b/1b recycle ratio (Test 12A, Figure 7, Table 7), there
essentially was no effect of residence time in the range of 2.0 to 2.7 sec. The
in-duct SO, removals were 83 and 84% at 2.0 and 2.7 sec, respectively.

The results presented in Tables 2, 3, 4 and 5 were obtained at an in-duct
residence time of 2.7 sec. In two of the recycle simulation tests (12A and 13,
Tables 2 and 4), residence times of 1.0, 1.7 and 2.0 sec also were studied to
determine the effect on desulfurization performance of the sorbent. This was
done by moving a gas sample probe to different locations in the duct between the
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sorbent injection location and the end of the duct. A stationary probe at the
end of the duct measured results at 2.7 sec residence time. These measurements
were made at steady-state recycle conditions.

PROCESS OPERABILITY OBSERVATIONS

Pilot plant operational experience during this test program was a positive
indication for the operability and retrofit potential of the Advanced Coolside
process. Although the pilot plant is not of sufficient scale to fully assess
process operability, observations of pilot operation provide initial information
on key operability issues. The pilot plant has been a useful tool in the past
in identifying potential operability concerns. The recycle optimization tests
discussed in this report involved over 15 months of pilot plant operation,
including long-term tests of up to 115 hours in duration. Observations of
different aspects of pilot plant operation are discussed below.

Operation With Wetted Recycle

Minimal operating problems were encountered in preparing, handling and feeding
wetted recycle sorbent, as Tong as appropriate procedures and operating
conditions were employed.

Duct Sorbent Injection at High Humidity

The pilot testing provided an opportunity to observe the effect of high humidity
and duct configuration on operability. In all the pilot tests, flue gas at the
contactor exit was at or near the saturation point (0 to 2 °F approach to
saturation). As SO, capture proceeded, gas temperature and approach to
saturation increased along the duct length. As shown in Figures 8 and 9, the
ductwork between the sorbent injection point and the baghouse was comprised of
53 ft of 5-inch pipe, 24 ft of 8-inch pipe and 7 ft of 4-inch pipe. The gas
velocity ranged from 18 to 58 ft/sec. There were seven locations where the flue
gas changed direction, including one 180° bend. The residence time before the
first 90° bend was less than 0.5 sec.

There were no major operating problems associated with high humidity flue gas
conditions or with the many changes in flue gas flow direction. Operating
procedures and condifions were selected to minimize deposition of wet solids in
the ductwork. The conditions were selected based on previous CONSOL experience.
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Overall, the operating results indicate that sorbent can be injected into very
humid flue gas without significant operability problems. The results also show
that it is possible to operate with changes in flue gas direction and with a
short straight-run residence time after sorbent injection. This flexibility is
an advantage for retrofit of the process.

Baghouse Operation

Baghouse operability was good at approach temperatures as low as 10 °F. There
were no problems in removing the spent sorbent from bags or from the baghouse
hopper. Baghouse operating procedures and conditions were selected based on
prior CONSOL experience.

DATA RELIABILITY

The results presented here are for tests of relatively long duration for pilot
plant optimization tests. As shown in Tables 4 and 5, test duration was
generally over 20 hours, with one test lasting 115 hours. This duration assured
that steady-state conditions were closely approached. The data reported repre-
sent data averaged over periods in which desulfurization performance and plant
operation were Tined out. The fact that performance was observed over an
extended period of time increases the reliability of the performance data.

In each test, there was good agreement between sorbent utilization based on the
continuous flue gas analyzer and the fresh and recycle sorbent feed/composition
data and the utilization based on baghouse solids analyses. As shown in
Tables 4 and 5, there was no more than 4% absolute difference between the two
values in any test. The agreement between the two values confirms the accuracy
of process flow and analyzer data. The methods for calculating utilization based
on gas analyzer and solids data have been described in a earlier report.1

Tables 4 and 5 also show that there was good agreement between the utilization
calculated assuming steady-state recycle conditions and that based on baghouse
solids analysis. The steady-state value is simply the system S0, removal divided
by the fresh Ca/S mol ratio. There was no more than 5% absolute difference
between the two values in any test. The absolute average of the differences
was 2%. This agreement indicates that steady-state recycle conditions were
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"closely approached. It further confirms the accuracy of the process flow and
analyzer data. This agreement is further illustrated in Figure 10.

To further confirm the desulfurization performance results, EPA Method 6 sampling
tests were conducted on the flue gas during a recycle test (Test 11A, Table 5).
This was done to compare the in-duct SO, removals measured by Method 6 with those
measured by the continuous flue gas analysis system. Three tests were conducted
with sampling at the contactor exit (prior to sorbent injection) and at the exit
of the ductwork. As shown in Figure 11, there was generally good agreement
between the two methods for measuring in-duct SO, removal. The only Targe
discrepancy was in test 1, for which the EPA Method 6 sampling indicated an in-
duct SO, removal of 96%, compared to 88% with the continuous gas analyzers. This
difference may be attributed to the presence of spent sorbent observed in the
Method 6 sample train filter during this test. In tests 2 and 3 the absolute
difference in SO, removals was only 2-3%.
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DISCUSSION OF CONTACTOR OPTIMIZATION

FIRST GENERATION CONTACTOR: WATERLOO SCRUBBER

Contactor Description

The contactor used in the initial pilot plant studies was a pilot Waterloo
scrubber system (Figure 12) supplied by Turbotak, Inc., with a design throughput
of 1000 acfm. It consisted of a preconditioning spray chamber, a modified
centrifugal fan, and an entrainment separator (mist eliminator). Air atomizing
nozzles were used to spray fine water droplets into the flue gas stream at the
preconditioner inlet, at the preconditioner exit, and at the fan inlet.

The modified centrifugal fan was designed to further promote solid/1iquid and
gas/1iquid contact. The centrifugal action of the fan forced slurry droplets to
the fan housing for removal. An entrainment separator downstream of the fan
removed any remaining droplets. Hydraulic nozzles in the entrainment separator
prevented plugging by residual fly ash in the flue gas.

Humidification Efficiency

Fifty-two saturation efficiency tests (Table 9) were performed using the Waterloo
scrubber. The first (HE-1) was run at the same spray nozzle water flows and air
pressures as all previous tests in the pilot plant; these conditions were
designed for submicron particle capture. The second (HE-2) was run at the same
total water flow as the first and had about the same total droplet surface area
as the first, but the water flows and air pressures to each nozzle were balanced.
These two tests were considered baseline tests because the 1 gpm water flow and
30 pm Sauter mean droplet diameter were the same as used in all earlier pilot
plant tests using the Waterloo scrubber. The results of the other 49 tests were
compared to the first two tests. The Tow-air-pressure tests (HE-3 through HE-7)
were all performed at the same 1 gpm water flow rate. Their pressures ranged
from 15 to 35 psi. The total droplet surface area increased with increasing
pressure.  The tests with the Targest droplets were conducted to explore the
feasibility of using hydraulic nozzles; the largest droplet size tested was
smaller than that which can be practically achieved with commercial hydraulic
nozzles. Tests were conducted with the fan and fan nozzle shut off (Tests HE-8
through HE-12); the purpose of these tests was to explore the feasibility of
eliminating the fan. These tests were performed using two different water flow

- 22 -




rates: either the same gpm/nozzie as the previous tests (giving 0.66 gpm total)
or the same total gpm as the previous tests (1 gpm total or 0.5 gpm/nozzle). The
air pressures were varied to give approximately the same droplet surface area
range as tests HE-1 through HE-7. The droplet sizes were estimated based on the
air pressure and the water flow rate by using information supplied by the nozzle
manufacturer.

Effect of Fan. The Waterloo scrubber fan was not required to achieve adequate
humidification of the flue gas as long as sufficient water droplet surface area
was maintained. The relative humidity at the contactor exit is shown in
Figure 13 as a function of specific droplet surface area (m® droplet area/m> flue
gas) for tests with and without the fan. The points must be compared on an equal
surface area basis because two nozzles were used in the no-fan tests but three
nozzles were used in the tests with the fan operating. Within experimental
error, the relative humidity was the same with and without the fan at equivalent
droplet surface area conditions. These results indicate that the fan is not
necessary for the Advanced Coolside process; this simplifies the contactor
design and significantly reduces capital cost.

Optimization of Operating Conditions. Results of the saturation efficiency tests
indicate that the contactor operating conditions can be optimized. The high
energy atomization used in the Waterloo scrubber for fine particulate control was
not necessary to achieve near saturation conditions. Operation at lower
atomization air pressures could significantly reduce contactor capital and
operating costs.

The relative humidity was Tower at Tower atomizing air pressures when the water
flow rate was held constant as shown by Figure 14. The triangles represent tests
using three nozzles and the scrubber fan; the squares and diamonds represent two-
nozzle, no-fan tests with the squares representing water flow rate of 0.33 gpm/
nozzle and the diamonds 0.5 gpm/nozzle. The two triangles with the highest
atomizing air pressure represent the design conditions for capture of submicron
particles. The figure clearly shows that reduction of the air pressure reduced
the contactor’s ability to saturate the gas. The effect was small at the higher
pressures but there appeared to be a critical pressure below which the effect was
more significant. In tests using three nozzles, the humidity dropped off sharply
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when the pressure was less than about 25 psig. Using two nozzles, the humidity
dropped off at around 45 psig.

This behavior is the result of droplet size and total droplet surface area.
Larger drop1ets'are produced if the atomizing air pressure is reduced while the
water flow rate is held constant. As a result, there are comparatively fewer
droplets to evaporate the same amount of water and less droplet surface area over
which to do it. Figure 15 shows the same data as Figure 14 plotted as a function
of mean drop diameter. Clearly, the smaller droplets gave better humidification.

Use of Hydraulic Nozzles. The feasibility of using hydraulic nozzles in place
of the two-fluid nozzles was evaluated by examining the data from the tests
producing the largest droplets. Commercial hydraulic nozzles generally produce
droplets in the 80 to 1000 um diameter range (Table 10) under practical operating
conditions. In the Waterloo scrubber, droplets of ~60 um Sauter mean diameter
showed unacceptably Tow humidification efficiency (<90%). The smallest average
droplet size produced by a commercial hydraulic nozzle is about 50 um; however,
the orifice size is so small that it would quickly plug unless the water were
ultra-filtered. Also, the water flow rate is so low that the number of nozzles
required for a commercial size installation would be impractical.

Fly Ash Collection Efficiency

Eight tests were conducted in which fly ash was injected into the gas stream
ahead of the contactor to measure the particulate collection efficiency with
different nozzle configurations. The scrubber fan was not in operation for these
tests and the fan nozzle was not used. The variables were total water flow rate
(0.4 to 0.9 gpm) and the atomizing air pressure (25 to 45 psig). Particulate
removal efficiency was greater than 95% in all of the tests, indicating that the
removal efficiency was not sensitive to the nozzle operating conditions over the
ranges tested and that the scrubber fan was not needed to achieve particulate
removal >90 wt %. The results are listed in Table 9.

Operability
Contactor operability was good throughout the tests. There were no problems with

solids accumulation in the contactor. There were no problems with mist elimi-
nator plugging using the recommended 1 gpm wash flow.
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A short-term operability test was conducted using two spray nozzles with the fan
off. Ash capture (>90 wt %) and humidification performance did not deteriorate
during the test. The mist eliminator screens were washed periodically (about
every half hour) to prevent the screens from plugging with the uncaptured fly
ash.

SECOND GENERATION CONTACTOR: SIMPLIFIED TURBOTAK DESIGN

Description

CONSOL purchased from Turbotak a mechanically simpler second generation contactor
for pilot plant testing (Figure 16). The final design was prepared by Turbotak
Inc. based on CONSOL’s recommendations. It consists of a redesigned contacting
chamber and a mist eliminator; the fan was eliminated in the new design. The
contact chamber employs four dual-fluid nozzles.

Humidification Efficiency

One hundred fifty tests were performed to verify the saturation efficiency of the
second generation contactor and to identify the optimum nozzle operating condi-
tions for economic flue gas saturation and fly ash removal (Table 11). The
percent relative humidity was calculated (as described earlier in the "Test
Procedures" section) based on the wet bulb temperature of the gas after dilution
with hot air. This calculation sometimes gives a relative humidity greater than
100%; this is a result of the thermocouple inaccuracy: a 1 °F error in the
thermocouple reading can lead to a ca. 5% error in the relative humidity. These
values were interpreted as representing fully saturated (100% relative humidity)
flue gas.

Many test conditions were identified that provided satisfactory saturation and
ash removal but required less water and/or lower air pressures than the condi-
tions recommended by Turbotak. These conditions would result in lower operating
costs for the contactor. The humidification results for all 150 tests are
plotted as relative humidity versus droplet surface area in Figure 17. The
droplet surface area was varied by varying the water flows and pressures. The
percent relative humidity was calculated, as described earlier, based on the wet
bulb temperature at the baghouse after dilution with hot air. The droplet surface
area was normalized relative to the surface area produced by the Turbotak design
conditions. The vertical dotted Tine represents the surface area produced by the
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Turbotak design; points to the left of this 1ine were obtained in tests in which
the droplet surface area was lower than the design. Clearly, a large number of
the tests still provided sufficient humidification (>95% relative humidity,
horizontal dotted 1line) at these operating conditions.

Tests Using One, Two, or Three Spray Nozzles. Sufficient humidification could
be achieved with fewer than four nozzles operating at the design conditions.
Various combinations of the nozzles were systematically evaluated. The nozzle
that had the Teast effect on humidification performance was Nozzle 3. However,
no optimization of the nozzle position or spray direction was attempted.
Figure 18 shows the effect of operating fewer than four spray nozzles in the
contactor. These data were obtained by operating the sprays at the design
conditions with one, two, or three of the sprays turned off. The results of
tests with all four sprays operating at the design conditions are shown for
comparison.

The three-nozzle tests all gave good humidification performance (95 to 99%
relative humidity). The poorest humidification was obtained in the one-nozzle
tests. Nozzle 1 gave the best performance (63% relative humidity), followed by
Nozzle 2 (49%) and Nozzle 4 (37%). A one-nozzle test was attempted with
Nozzle 3, but the humidification performance poor and the test was aborted.

The humidification performance in the two-nozzle tests ranged from 61% relative
humidity to 95% relative humidity at the contactor exit. The worst performance
was achieved using Nozzles 3 and 4, the two worst performers in the one-nozzle
tests. The best performance in the two-nozzle tests was obtained using Nozzles 1
and 2, the two best performers in the one-nozzle tests.

Optimization of Contactor Operating Conditions. The effect of reducing atomizing
air and water flow is shown in Figure 19. The relative humidity of the flue gas
exiting the contactor is plotted as a function of the total water flow along
lines of constant atomizing air pressure. A reduction in air pressure requires
a reduction in the water flow rate to keep the relative humidity sufficiently
high, or the droplets become too large to provide adequate surface area for
evaporation. The figure shows that the water flow rate and the atomizing air
pressure can be reduced from the design conditions without significantly reducing
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the saturation efficiency. An optimum nozzle operating condition of 30 psig air
pressure to each nozzle and 0.6 gpm/1000 acfm total water flow was chosen based
on these results. The optimized operating conditions gave similar humidification
‘performance and fly ash removals as the original design operation conditions.
At ~500 scfm (730 acfm) flue gas flow, both original and optimized operating
conditions allowed close to 100% relative humidity; the fly ash capture averaged
97% for the original design conditions and 93% for the optimized design condi-
tions. At ca. 700 scfm (1025 acfm) the relative humidity averaged 96% for the
original operating conditions and 94% for the optimized conditions; the fly ash
capture averaged 83% for the original conditions and 85% for the optimized
conditions. The optimized operating conditions will reduce capital and operating
costs, as a result of the reduced air pressure (lower compressor capital cost and
operating energy) and the reduced water flow (less pumping and wastewater
hand1ing requirements). This optimized contactor operating condition was used
in the subsequent recycle tests and in the sorbent optimization tests.

The contactor was designed by Turbotak to minimize ash deposition at the wet/dry
interface. Tests were conducted to evaluate operability. These tests showed
that the operating procedures and conditions recommended by Turbotak minimized
ash deposition with minimum extra water usage.

Effect of Contactor Gas Throughput. The humidification was somewhat lower at
higher contactor flue gas throughputs, over a range of 700 to 1500 acfm. This
is a result of the lower residence time of the flue gas in the contactor and less
droplet surface area per volume of flue gas for evaporation. Figure 20 shows the
trend for tests in which the nozzle air pressure was 30 psig or more using all
four nozzles. Optimization tests were not performed for high contactor gas
throughput; this program was canceled to allow testing of the third generation
contactor.

Fly Ash Collection Efficiency

Fourteen tests were conducted at ca. 500 scfm (730 acfm) in which fly ash was
injected into the gas stream ahead of the contactor to measure the particulate
collection efficiency using different nozzle configurations. The variables were
total water flow rate (0.4 to 1.6 gpm) and the atomizing air pressure (15 to
50 psig). Particulate removal efficiency was greater than 90% in all of the
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tests, indicating that the removal efficiency was not sensitive to the nozzle
operating conditions over the ranges tested. The results are listed in Table 12.

At ca. 700 scfm (1025 acfm), two tests were conducted. The fly ash capture effi-
ciency dropped to 83 to 85% at the higher flow rate. This is still sufficient
fly ash capture for the process, since the contactor is designed to be installed
ahead of an existing particulate collector.

Operability
Contactor operability was good throughout the tests. There were no problems with

solids accumulation in the contactor, nor were there problems with mist elimi-
nator plugging. At shutdown, the mist eliminator was clean, with no indication
of any solids build-up.

During a long-term (115 on-stream hours) test of sorbent recycle, the simplified
contactor operated without difficulty.

Downstream Desulfurization Performance

The majority of the tests in the recycle sorbent optimization program discussed
above were conducted with the second generation contactor at the conditions
identified as optimum in the contactor optimization tests. The desulfurization
performance targets were exceeded. Some tests were conducted with the original
Waterloo scrubber. Both contactors were operated to achieve near saturation
conditions and no difference in downstream desulfurization performance was
observed.

THIRD GENERATION CONTACTOR DESIGN: IN-DUCT VENTURI + CYCLONE

Description

The third generation contactor (Figure 21) was designed for lower capital cost
and a reduced plant footprint. It consists of a low-pressure-drop, in-duct
venturi followed by cyclonic separator. Water is sprayed by hydraulic nozzles
at the throat of the venturi. The venturi reduces water droplet size and
provides turbulent contact between droplets and flue gas for efficient particle
capture and humidification. The water/fly ash mix is separated from the flue gas
by the downstream separator.
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The design pressure drop for the venturi and separator is 5" WC. The design
water requirement is about 5 gal/1000 acf. These are higher than for the second
generation contactor design (~1.5" WC and 1 gal/1000 scf); however, the third
generation design is significantly smaller and has a significantly Tower capital
cost. Furthermore, the use of hydraulic nozzles instead of two-fluid nozzles can
save capital and operating costs for air compression. A detailed cost analysis
is presented in Topical Report No. 6, Conceptual Commercial Design and Economic
Evaluation.

The venturi contactor installed in the pilot plant was purchased by CONSOL from
Fisher-Klosterman, Inc. Because of the small scale of the venturi, there was not
a gradual expansion section after the throat for pressure recovery; this
increased the permanent pressure loss compared to a large scale unit.

Initial testing of the venturi contactor as supplied by the vendor indicated that
there was difficulty in achieving acceptable humidification efficiency, because
of the very short contact time between the venturi throat and the cyclone in the
small-scale unit. Some tests were conducted with water spraying upstream of the
venturi to increase the residence time; this improved humidification somewhat.
Eventually, the contactor was modified for increased contact time downstream of
the venturi throat. The contact time downstream of the throat is critical for
humidification, because the water droplet size is reduced in the throat. The
modified design better simulates a full-scale unit, because in a larger unit the
transition between the venturi throat and the cyclonic separator would be Tonger
and provide more residence time. To modify the pilot plant contactor, a 6 ft
section was added between the venturi throat and the cyclonic separator. This
increased the residence time between the throat and the separator to about 0.1
sec at full load.

Humidification Efficiency

The humidification testing indicated that the initial design of the venturi
contactor gave unacceptable humidification performance. Modification of this
design to increase the contact time downstream of the venturi throat allowed
reasonably close approaches (~1 to 4 °F) to be achieved. Injection of steam at
the exit of the cyclonic separator allowed near saturation conditions to be
achieved at all flue gas flows. A small amount of fine mist carry-over from the
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separator also incrementally Towered the approach. Exploratory tests indicated
that near saturation can be achieved by using two-fluid nozzles upstream of the
separator instead of a venturi to generate small droplets. Detailed results of
the these humidification tests are discussed below.

Original Venturi Contactor Design. Table 13 summarizes humidification efficiency
tests with the venturi contactor as received from Fisher-Klosterman. With this
design, acceptable humidification for the Advanced Coolside process was not

achieved.

In a test at the design conditions, ca. 1150 acfm flue gas flow, 5 gpm water at
the venturi throat and 5" WC pressure drop across the contactor, the approach to
saturation was about 25 °F. In tests at Tower flue gas flows (700 to 770 acfm),
the approach was about 14 °F. The closer approach to saturation with a lower
flue gas flow suggests that humidification was limited by the 1iquid/gas contact
time.

As a simple means of increasing the 1liquid/gas contact time in the contactor,
hydraulic nozzles were added about 10 ft upstream of the venturi throat. This
increased the contact time to about 0.2 s at full load. The test data in
Table 14 show that this improved humidification significantly. However, a close
approach to saturation was only achieved in a few tests with low flue gas flow
rates, high Tiquid/gas ratios and high venturi pressure drops. In tests at flue
gas flows ranging from ~300 to 500 acfm and water flows of around 5 gpm split
between the throat and upstream nozzles, the approach to saturation ranged about
1 to 5 °F. In tests at higher flows, the approach to saturation varied over a
range of about 5 to 15 °F, depending on précess conditions (Table 14). Again,
the positive effect of reduced gas flow on the humidity suggests that humidifi-
cation performance was limited by the liquid/gas contact time.

Although a close approach was achieved in some of the tests with upstream water
spraying, this design was not considered to be optimum. The ability to operate
the contactor at higher load was desired to minimize contactor size. Further-
more, the above design did not take full advantage of the significant reduction
in water droplet size which occurs across the venturi.
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Modified Venturi Contactor. As discussed above, the venturi contactor was
modified by CONSOL for improved humidification performance. This involved
addition of a 6 ft duct section between the venturi throat and the cyclonic
separator. The initial tests discussed above indicated that performance was
limited by 1iquid/gas contact time. This modification increased the flue gas
residence time between the venturi throat and the cyclonic separator to ~0.1 sec
at full lToad. This design makes more effective use of the venturi than the use
of upstream nozzles, because it increases the contact time after the reduction
in water droplet size by the venturi. The modified design showed improved
humidification efficiency compared to the original design. Reasonably close
approach to saturation was achieved.

Table 15 summarizes the humidification tests conducted with the modified venturi
contactor. The modified contactor was capable of achieving approaches to satura-
tion in the range of 1 to 4 °F at flue gas flow rates of ranging from about 650
to 920 acfm. As shown in the table, numerous combinations of operating condi-
tions were tested. 1In some tests the water spraying was split between the
venturi throat and supplemental nozzles either upstream of the throat or between
the throat and the separator. As shown, different combinations of conditions
were identified that achieved approaches to saturation in the 1 to 4 °F range.
In general, the approach tended to be closer at lower flue gas flows, 650 to
750 acfm, and higher at flow rates around 900 acfm. The use of supplemental
nozzles upstream or downstream of the venturi throat had a small positive effect
allowing reasonably close approaches to be achieved at the higher flow rates.

Tests of Mist Carry-Over from the Contactor. A series of tests was conducted
simulating increased levels of fine mist carry-over from the modified venturi
contactor (Table 16). These tests were conducted by adding small amounts (0.025
to 0.075 gpm) of mist generated by a high pressure (>80 psig) two-fluid atomizer
at the exit of the cyclonic separator. These data may be important because a
larger scale separator will not be as efficient as the small-scale unit in
capturing the finest droplets. Also, the use of a small two-fluid nozzle may be
feasible to lower the approach closer to the saturation point. As shown in the
table, the approach to saturation in the downstream duct could be Towered to
near 0 °F.

- 31 -




Modified Contactor with Steam Injection. Injection of low quality steam at the
exit of the separator in the modified venturi contactor was explored as a means
of incrementally lowering approach to near the saturation point. The data in
Table 17 show that with steam injection the approach can be lowered to 0 to 2 °F
with a full load flue gas flow of ca. 1000 acfm. This range of approaches
indicates saturation within the range of uncertainty of the measurements. The
tests in Table 17 were conducted with water spraying at the venturi throat only.
Desulfurization tests discussed below indicate that steam injection incrementally
improved desulfurization performance, a further indication of a closer approach
to saturation. Another possible effect of steam injection is condensation on the
surface of the injected sorbent. The steam injection rates used ranged from 0.05
to 0.5 1b/min. As shown in Table 17, the optimum steam injection rate may be in
the middle of this range; however, the optimum is difficult to determine because
of the experimental uncertainty in measuring very close approaches.

Tests of an Alternative Contactor Configuration. A few exploratory tests were
conducted to evaluate an alternative contactor configuration. This configuration
involved in-duct water spraying with no venturi, followed by a cyclonic
separator. A hydraulic nozzle was used at the duct inlet to quench the flue gas
and reduce problems of a wet/dry interface. Two-fluid nozzles were used down-
stream to generate fine droplets and achieve a close approach. This design
avoids the gas pressure drop associated with the venturi but requires air
compressors for atomization. As shown in Table 18, the brief testing of this
concept indicated that approaches to saturation in the 0 to 2 °F could be
achieved.

Fly Ash Collection Efficiency

Fly ash collection efficiency was consistently over 99% in four pilot plant tests
conducted with EPA Method 17 sampling. This collection efficiency exceeds the
target of 90% desired to reduce fly ash in the sorbent recycle loop. Table 19
gives contactor operating conditions and performance data for these tests.

Fly ash collection efficiency was independent of gas flow over a range of 380 to
1025 acfm. The results indicate that a single venturi contactor can handle the
range of turndown required for a commercial application to follow changing boiler
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load. This is an important result, since the first conceptual commercial design
assumed that two parallel contactors would be required to handle load changes.

Operability
Operability of the third generation contactor was good throughout the performance

tests. There were no problems with fly ash accumulation in the venturi, on the
spray nozzles, in the cyclonic separator or in the ductwork. In the initial
tests where water was sprayed upstream of the venturi throat, there was a small
amount of solids dropout at the bottom of the horizontal inlet duct; however,
this accumulation leveled off after a short period of operation. With the
modified design there was 1ittle dropout in the horizontal ductwork between the
venturi and the separator.

Desulfurization Results

Recycle tests with sorbent injection downstream of the third generation contactor
(venturi contactor) indicated that performance targets could be met with sorbent
addition Tevels 5 to 15% higher than with the second generation contactor. With
the use of steam injection at the separator exit, with the use of supplemental
nozzles or with slightly increased mist carry-over from the cyclonic separator,
about 5% more sorbent was used to achieve 90% removal. This difference
approaches the range of uncertainty in the pilot plant measurements. In earlier
tests where the approach to saturation ranged 1 to 4 °F, 10 to 15% more sorbent
was required, presumably due to the slightly Tower humidity. Al11 of the desul-
furization tests were conducted with the modified design in which the contact
time after the venturi throat was increased to 0.1 sec. Based on the test
results, the use of steam injection at the separator appears to be the preferred
mode of operation.

Once-Through Tests. Initial once-through (no recycle) tests showed that S0,
removals with the venturi contactor were similar to those obtained with the
second generation contactor (Turbotak spray chamber and mist eliminator).
Figure 22 shows that the in-duct SO, removal at a Ca/S mol ratio of 1.5 was 51%
with both the venturi contactor and the second generation Turbotak system. At
a 2.0 Ca/S ratio the in-duct removals with the venturi contactor and the Turbotak
system were 58 and 62%, respectively.
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Initial Recycle Tests. Initial recycle simulation tests with the modified
venturi contactor showed somewhat less efficient desulfurization than obtained
with the first or second generation contactors. This is Tikely a result of the
somewhat higher approach to saturation with the venturi contactor, 2-4 °F,
compared to that with previous designs (<1 °F).

Detailed test conditions and results for the recycle tests are given in Table 20,
and the summarized results are given in Table 21. Test 23, made at a 1.38 fresh
Ca/S mol ratio and a recycle ratio of 6.2 (dry), gave in-duct and system S0,
removals of 83 and 92%, respectively. With the second generation contactor, this
Tevel of SO, removal was obtained with Tess fresh sorbent. Test 13 (Table 21)
gave in-duct and system SO, removals of 87 and 90% at a 1.21 fresh Ca/S ratio and
a recycle ratio of 7.0. The approach to saturation in the duct downstream of the
venturi (Test 23) was 2 to 4 °F, compared to near saturation with the second
generation contactor (Test 13).

Three different approaches were employed to increase humidification efficiency
and improve desulfurization with the venturi contactor. The first approach
involved the use of supplemental nozzles Tocated upstream of the venturi throat,
in addition to the hydraulic nozzles at the venturi throat. The second involved
the use of two-fluid nozzle(s) at the cyclone exit to inject very small amounts
of fine mist; this simulated increased mist carry-over. The third involved
addition of small amounts of steam downstream of the cyclonic separator, with the
venturi throat nozzles in operation. In addition, a test was conducted to
explore possible enhancement by additives. These approaches are discussed below.

Tests with Supplemental Nozzles. In an attempt to supply additional flue gas/
water contact to improve flue gas saturation, tests were conducted with two-fluid
nozzles installed 5-10 ft upstream of the venturi throat. These additional
nozzles lowered the approach to saturation somewhat; however, they had little,
if any, effect on desulfurization performance. Tests 25-1 and 25-2 (Table 21),
which were made at a 1.32 fresh Ca/S mol ratio, gave in-duct and system S0,
removals of 81 and 85%, respectively. In Test 25-3, conducted at a 1.40 fresh
Ca/S ratio, in-duct and system SO, removals were 85 and 92%, essentially the same
as in Test 23 at a 1.38 fresh Ca/S ratio with no additional nozzles.
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Tests with Increased Mist at the Contactor Exit. These tests were conducted
primarily to explore the effect of slightly increased mist carry-over from the
cyclonic separator. The small-scale cyclonic separator was 1ikely more efficient
in removing the finest water droplets than a larger scale unit. The separator
may also have been more effective than the mist eliminator used in the second
generation contactor design; this could partly account for the somewhat better
desulfurization performance obtained with the second-generation design.

Employing a high-pressure (90 psig) two-fluid atomization nozzle to produce a
fine mist at the exit of the cyclonic separator showed significant positive
results. As discussed previously, the approach to saturation was lowered to near
saturation. Tests 25-5 and 25-6, conducted with a 1.33 fresh Ca/S ratio gave in-
duct SO, removals as high as 86%, slightly better than the 83% removal at the
higher Ca/S ratio of 1.38 without mist injection (Test 23). The system S0,
removal in tests 25-5 and 25-6 was 89%. The amount of mist injected was small,
0.0025 to 0.0090 gpm. In tests at higher mist injection levels there was an
operability problem at the sorbent injection location. Sorbent was injected at
a 90° bend downstream of the separator; apparently some droplets and sorbent
impacted the duct wall at the bend.

The above tests indicate a positive effect of a small amount of fine mist down-
stream of the contactor. A small supplemental nozzle at the separator exit may
be a means of incrementally improving desulfurization performance, if it can be
adequately controlled to prevent operability problems.

Test with Additive Addition. Test 23B was conducted at a 1.30 fresh Ca/S mol
ratio with a small concentration of NaCl added to the recycle sorbent (0.02
Na/Ca mol). No additional nozzles were used. The additive had a small positive
effect on baghouse S0, removal, and essentially no effect on in-duct removal.
The in-duct and system S0, removals in test 23B were 76 and 89%, respectively.
A more detailed discussion on the effects of additives is given in Topical
Report 3.

Tests with Steam Addition at the Separator Fxit. As reported previously,
injection of a small amount of low-quality steam at the exit of the cyclonic
separator lowered the approach to saturation from a range of 1 to 4 °F to near
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saturation. Desulfurization tests indicated that steam injection also improved
desulfurization performance.

Detailed test conditions and results for the recycle tests with steam addition
are given in Table 22, and the summarized results are given in Table 23. Test
27, conducted at a 1.26 fresh Ca/S mol ratio, a recycle ratio of 7, 0.12 1b
water/1b recycle, and 20 1b/hr steam addition, gave in-duct and system S0,
removals of 80 and 91%, respectively. These removals are comparable to those
obtained with the second generation contactor at these conditions, i.e., test 17B
(Table 3) gave SO, removals of 84 and 92%.

Test 26 (Table 23) was made with steam addition and no water added to the recycle
sorbent. The objective was to determine whether use of steam injection could
eliminate the need for the water addition step. A 90% SO, removal efficiency was
obtained in the system; however, a higher fresh Ca/S mol ratio (1.41) was
required. The in-duct SO, removal was 77%. The duct exit approach to saturation
was 5-7 °F higher in test 26 than seen in the tests where moisture was added to
the recycle sorbent; this would account for the poorer desulfurization perform-
ance.

Test 28 was made with steam addition and with a small concentration (0.004 wt %)
of hydrochloric acid (HC1) in the recycle treatment water. This simulated
commercial operation where the contactor recycle water would be used to treat the
recycle sorbent. This water would pick up chloride ion from the coal combustion
flue gas. This mode of operation is preferred because it tightens the process
water balance and reduces the chloride concentration in the contactor recircu-
lation loop. The HC1 showed a small enhancing effect on the SO, removal
efficiency in the duct, and had no effect in the baghouse. The in-duct and
system S0, removals in test 28 were 86 and 91%, compared to 80 and 91% in test 27
with no HCT addition. This was different from the effect of NaCl, as reported
in Topical Report No. 3.

Tests LT-01A, B, and C were made with steam addition and a Tlower approach to

saturation in the baghouse (4-6 °F). The tests demonstrated the high SO, removal
efficiencies possible using a baghouse as the solids collection device. At a
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1.26 fresh Ca/S mol ratio and a 6.7 recycle ratio, the system S0, removals ranged
from 92 to 97%. The in-duct removals for these tests were 67 to 82%.
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OPTIMIZATION OF RECYCLE SORBENT MOISTURE ADDITION EQUIPMENT

A test was conducted in which the recycle sorbent was wetted using a pilot-scale,
continuous pugmill. Performance of the pugmill was compared to that of the high-
intensity mixer (Littleford) used in previous pilot plant tests. The results
from this test indicated that a pugmiil can produce a satisfactory product both
from a materials handling standpoint and from a reactivity standpoint. These
results are encouraging because a pugmill has substantially lower capital and
operating cost than high intensity mixer.

The pugmill test was conducted at Heyl & Patterson’s (H&P) Pittsburgh,
Pennsylvania, test facility. A 600 1b batch of recycle material was prepared by
combining spent sorbent from several pilot plant runs. Half of the 600 1b batch
of recycle material was combined in the pugmill with 0.16 1b of fresh Mississippi
Time per 1b of recycle and 0.12 1b of water per 1b of recycle material. The
remaining 300 1b of recycle material was combined with fresh hydrate and water
in the proportions indicated using the high intensity Littleford mixer.

The pugmill was a continuous, pilot-scale (100-1200 1b/hr) unit. Two feeders
were available - a small screw feeder and a Targer capacity vibrating feeder.
The small unit was used to feed the fresh, hydrated 1ime. The larger unit proved
to be unreliable for feeding the recycle material. This material became aerated
with handling and bridged in the feed hopper. As a result, the recycle material
was fed by hand.

Initial tests were conducted with fresh hydrated Time only. Observations during
these tests led to the installation of a second spray nozzle for more uniform
water addition. These nozzles were positioned in the middle of the mi1l with the
first immediately after the discharge of the screw feeder and the second approxi-
mately half way down the length of the pugmill. This arrangement yielded a
product that was visibly uniform with 10-15% of the material in -! inch lTumps
that broke readily upon handling.

After a satisfactory product was produced with the fresh hydrate, the pugmill was

cleaned thoroughly and the screw feeder purged of hydrate. Feeding of the
recycle solids was initiated simultaneously with feeding of the Mississippi lime.
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After a Tayer of dry solids was established part way down the pugmill bed, water
addition was initiated. The entire 300 1b of recycle material was fed to the
pugmill, combined with 48 1b of fresh hydrate and water, and the product
collected in 3 drums within 25 min. Average solid residence time in the pugmill
was estimated at 30 sec. The product produced had the same appearance as
described above and about 10% water according to the moisture determination
conducted at H&P.

This product was evaluated in lab tests and compared with the similar recycle
blend prepared in the Littleford, high-intensity mixer. Lab analyses of grab
samples from different periods of pugmill operation (Table 24) confirmed that the
material produced was homogeneous with respect to moisture content and
composition (e.g., calcium and sulfur contents).

The product was evaluated in tests in the Advanced Coolside pilot plant and
compared with the similar recycle blend prepared in the Littleford, high-
intensity mixer. The results obtained from testing the pugmill-produced material
are very encouraging. No operability problems were encountered either in the
pilot plant feed system or in the reaction duct. The desulfurization performance
was identical, within experimental error, to that obtained with the material
produced by the Littleford mixer, as shown in Table 25. These pilot plant tests
were not carried out to steady-state recycle conditions. The tests were merely
run Tong enough (2 hr) to compare the reactivity of the two feedstocks.

These results indicate that a pugmill can be used in the Advanced Coolside

process, resulting in capital and operating cost savings in the recycle sorbent
pre-treatment step.
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OTHER DESIGN OPTIMIZATION WORK

In addition to pilot plant optimization testing discussed above, engineering
studies were conducted to explore process improvements in all major process
subsystems, including the sorbent handling, recycle handling, flue gas handling
and waste handling systems. These engineering studies are discussed in detail
in Topical Report No. 6, Conceptual Commercial Design and Economic Evaluation.
Key areas identified for process improvement/cost reduction include:

- Use of hydrocyclones instead of a thickener to concentrate the fly ash
slurry before mixing with spent sorbent.

- Use of on-site lime hydration of quicklime for larger plants.

- Simplification of the flue gas reheat system.

- Improvements in the recycle handling system design.

- Simplification of the ductwork conceptual design.
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TABLE 1

TYPICAL ANALYSIS OF MISSISSIPPI HYDRATED LIME

BET Surface Area, m°g 24.4
Lime Index 93.9
As-Received Lime, wt %
Moisture 0.5
Ash (925 °C) 75.1
Carbonate (CO;) 2.2
Ca(OH), (TGA) 90.9
Ash Elementals, As-Received Lime, wt %
Si0 0.8
A1LG, 0.1
Ti0 <0.1
Fe,6, 0.1
Cad 74.7
Mgo 0.6
Na,0 <0.1
K0 <0.1
P-05 <0.1
50, 0.2
Malvern Particle Size, wt %
+ 66.9 um 0
66.9 x 42.9 1.1
42.9 20.5 6.3
©20.5 x 11.4 9.3
11.4 x 5.4 31.3
5.4 x 1.9 40.9
-1.9 11.1
Mean Particle dia., um 5.3
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SUMMARY OF RECYCLE TEST RESULTS:

TABLE 2

BAGHOUSE APPROACH OF 23-24 °F

SO, Removél, % Sorbent Utll,, %
Ib Water
Fresh Recycle per Total Baghouse Steady
Ca/s, Ratlo Ib Recycle Ca(OH),/S Approach, System State Solids
Test mol (a) Sorbent mol Ratio °F Duct ®) (d) Analyses
12 1.4 4.5 0.15 22 23 83 90 63 62
13 1.2 6.9 0.12 2.1 23 87 90 75 70
12A {c) 1.5 43 0.15 25 24 84 90 60 59

Common Conditions: SO, Inlet Concentration = 1500 ppm (dry); Flue Gas Flow = 340 SCFM

{8) b dry recycle/Ib fresh lime
(b) duct + baghouse
(c) fresh lime and recycle sorbent wetted together and fed by one feeder
(d) calculated steady-state sorbent utilization

SUMMARY OF RECYCLE TEST RESULTS:

TABLE 3

BAGHOUSE APPROACH OF 9-12 °F

soz Removal, % Sorbent Util,, %
fb Water
Fresh Recycle per Total Baghouse Steady
Ca/s, Ratio b Recycle Ca(OH),/S Approach, System State Solids
Test mol (a) Sorbent mol Ratio °F Duct (b} (d) Analyses
6A 1.2 5.0 0.00 22 10 59 73 61 58
7A 1.3 3.3 0.15 1.8 9 60 84 67 68
8A 1.2 3.4 0.10 1.8 11 64 81 65 66
9 1.5 3.5 0.15 22 12 70 90 61 63
10 1.2 4.9 0.15 17 9 81 88 71 68
11 1.6 3.9 0.15 24 11 91 97 60 58
11A 1.6 3.8 0.15 24 12 88 100 61 61
17B (c) 1.2 6.9 0.12 1.4 10 84 g2 76 72

Common Conditions: SO, Inlet Concentration = 1500 ppm (dry)

(8) Ib dry recycle/Ib fresh lime
(b) duct + baghouse
(c) fresh lime and recycle sorbent wetted together and fed by one feeder
(d) calculated steady-state sorbent utilization
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TABLE 4

TEST CONDITIONS AND RESULTS, RECYCLE SIMULATION TESTS,

BAGHOUSE APPROACH OF 23-24 °F

Test 12
Run Time, hr 34
Sorbent Data
Fresh Ca/S Mole Ratio (b) 1.43
Fresh Feedrate, Ib/hr (c) 7.45
Recycle Feedrate, Ib/hr 41.67
Recycle Ratio, Ib recycle/Ib fresh lime 5.59
Recycle Ratio, dry basis 4.46
Recycle Available Ca/S, mol ratio (b) 1.93
Total Available Ca/S, mol ratio (b) 3.36
Water Addition, Ib/hr 5.79
Ib Water/lb Recycle Sorbent 0.15
Duct Flue Gas Conditions
In—-Duct Residence Time, s 2.7
Duct Inlet SO, Content, ppmv—dry 1501
Approach to Saturation, °F

Duct Exit 5

Baghouse Exit 23
Solids Loading, gr/scf 16.9
Contactor Inlet Temp, °F 281
Contactor Exit Temp, °F 130
Duct Exit Temp, °F 132
Baghouse Exit Temp, °F 149
Baghouse Exit Wet Bulb, °F 126
Duct Inlet Flue Gas Flow, scfm 340
SO, Removal, %
In—Duct 83
System (Duct + Baghouse) 90
Sorbent Utilization, %
Steady State (d) 63
Flue Gas Analyzers (e) 59
Ash Analysis (f) 63
TGA Analysis (g) 61

(a) Fresh and recycle sorbents treated and fed together.

13
115

1.21
6.29
52.92
8.41
6.89
1.7
2.92
5.89
0.12

2.7
1501

4
23
20.3

281
130
131
149
126
340

87
80

75
69
€69
71

12A (a)
12

1.49
7.77
41.39
5.33
4.30
2.05
3.54
5.76
0.15

27
1500

24
16.9

280
128
132
150
126
340

84
90

60
57
59
58

(b) Includes all calcium in fresh and recycle feeds not associated with sulfur (e.g., Ca(OH), and CaCOQ,).

(c) Fresh feed was Mississippi hydrated lime.

(d) Based on flue gas analysis and fresh sorbent feed rate/composition, assuming steady state.
(€) Based on flue gas analysis and recycle and fresh sorbent feed rates/compositions.

() Based on baghouse solids analysis (S, Ca).
(9) Based on baghouse solids analysis (TGA).
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TABLE 5

TEST CONDITIONS AND RESULTS, RECYCLE SIMULATION TESTS,
BAGHOUSE APPROACH OF 9-12 °F

Test _6A 7A 8A 9 10 11 11A 17Bfa)
Run Time, hr 26 29 36 26 22 23 23 64
Sorbent Data
Fresh Ca/S Mole Ratio (b) 1.20 125 1283 147 123 162 1.62 1.22
Fresh Feedrate, Ib/hr (c) 620 640 640 786 640 840 844 6.37
Recycle Feedrate, Ib/hr 33.49 27.06 25.86 34.36 39.89 41.75 40.93 53.54
Recycle Ratio, Ib recycle/Ib fresh lime 540 423 404 437 623 497 485 8.41
Recycle Ratio, dry basis 496 333 338 347 494 394 382 6.89
Recycle Available Ca/S, mol ratio (b) 185 110 105 154 140 217 1.86 1.40
Total Available Ca/S, mol ratio (b) 305 235 229 301 263 379 348 2.62
Water Addition, Ib/hr 0.00 353 235 454 583 580 566 5.96
b Water/Ib Recycle Sorbent 000 0.15 0.0 0.5 015 0.15 0.15 0.12
Duct Flue Gas Conditions
In—Duct Residence Time, s 2.7 2.7 27 27 27 27 27 27
Duct Inlet SO, Content, ppmv—dry 1489 1477 1495 1542 1504 1499 1501 1500
Approach to Saturation, °F

Duct Exit 8 6 7 7 5 6 6 2

Baghouse Exit 10 9 11 12 9 11 12 10
Solids Loading, gr/scf 136 115 111 145 159 172 16.9 20.6
Contactor Inlet Temp, °F 299 300 299 299 300 299 282 281
Contactor Exit Temp, °F 131 130 130 129 128 131 130 129
Duct Exit Temp, °F 135 133 133 132 131 132 182 130
Baghouse Exit Temp, °F 136 135 136 136 134 136 137 187
Baghouse Exit Wet Bulb, °F 126 126 125 125 125 125 125 127
Duct Inlet Flue Gas Flow, scfm 340 340 340 340 340 3840 340 340
SO, Removal, %
In-Duct 59 60 64 70 81 91 88 84
System (Duct + Baghouse) 73 84 81 80 88 97 100 92
Sorbent Utilization, %
Steady State (d) 61 67 65 61 71 60 61 76
Flue Gas Analyzers (e) 58 64 64 59 67 56 60 73
Ash Analysis (f) 58 68 66 63 68 58 61 72
TGA Analysis (g) 57 68 61 65 65 62 61 73

(a) Fresh and recycle sorbents treated and fed together.

(b) Includes all calcium in fresh and recycle feeds not associated with sulfur (e.g., Ca(OH), and CaCO,).
(c) Fresh feed was Mississippi hydrated lime. ’

(d) Based on flue gas analysis and fresh sorbent feed rate/composition, assuming steady state.

(e) Based on flue gas analysis and recycle and fresh sorbent feed rates/compositions.

() Based on baghouse solids analysis (S, Ca).

(9) Based on baghouse solids analysis (TGA).
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TABLE 7

EFFECT OF RESIDENCE TIME ON SO, REMOVAL,
RECYCLE SIMULATION TESfS

Common Conditions:

S0, Inlet Concentration = 1500 ppm (dry)
Sorbent = Mississippi hydrated Time

Test 12A 13

Fresh Ca/S, mol 1.5 1.2
Recycle Ratio (a) 4.3 6.9
1b Water/1b Recycle 0.15 0.12
Duct Approach, °F 5 4
Baghouse Approach, °F 24 23
S0, Removal, %
Duct Residence Time, s

1.0 - 62

1.7 - 83

2.0 83 82

2.7 84 86 (avg)
System 90 90

(a) 1b dry recycle/1b fresh lime
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TABLE 13
HUMIDIFICATION TESTS OF AS-RECEIVED VENTURI CONTACTOR

Flue Gas Contactor H,0 GPM | Approach to
Flue Gas Flow, Contactor Exit at Saturation,
Temp, °F scfm AP "H,0 Wet Bulb, °F Throat °
280 806 5 130.6 5 25.4
280 543 5 128.2 5 14.8
274 478 5 129.0 5 13.9
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TABLE 14

HUMIDIFICATION TESTS OF ORIGINAL VENTURI CONTACTOR
WITH UPSTREAM HYDRAULIC NOZZLES

Contactor Wet
Bulb, °F H,0 Flow, gpm
Flue Gas Flue Gas | Contactor at Upstream Approach to
Temp., °F | Flow, scfm | AP, "H,O In Out Throat Nozzles Saturation, °F
283 473 0 125 120 22 1.4 14
279 473 6 123 119 22 1.4 11
281 473 4 123 119 22 1.8 10
280 473 4 122 119 32 1.4 12
278 570 4 125 121 27 1.6 10
280 709 4 125 122 22 1.4 28
279 476 4 124 119 22 1.8 0.6
282 476 4 128 122 3.2 1.8 29
283 663 6 126 121 3.2 1.8 8.0
281 348 5 127 121 27 1.6 14
281 225 6 127 121 22 1.8 0.2
282 225 4 127 120 3.2 1.8 0.5
280 472 4 125 122 3.2 1.8 2.4
281 665 5 125 123 3.2 1.8 8.9
280 207 5 127 120 3.2 1.8 3.5
281 681 6 126 123 3.2 2.0 7.1
280 348 5 126 121 22 1.8 0.7
280 207 5 125 118 3.2 20 47
280 695 4 124 122 3.2 1.8 13
279 260 6 127 100 3.2 1.8 3.6
283 681 4 127 125 2.6 2.0 13
280 677 5 126 123 26 2.0 7.3
282 471 4 126 121 2.6 2.0 3.6
283 459 5 125 121 2.6 2.0 3.2
280 470 6 130 125 2.2 1.4 8.3
280 470 6 140 135 22 14 8.5
280 470 6 134 130 3.2 14 8.2
279 470 6 141 136 32 1.4 5.9
281 470 7 126 126 3.2 1.4 16
280 471 6 124 124 3.2 1.4 16
280 471 7 124 107 3.2 1.4 8.9
282 446 6 127 123 26 20 22
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TABLE 15
HUMIDIFICATION TESTS OF MODIFIED VENTURI CONTACTOR

Contactor
Wet Bulb, °F H,O Flow, gpm
Flue Gas Flue Gas | Contactor at Other H,0 Approach to
Temp., °F | Flow, scfm | AP, "H,0 In Out | Throat | Addition | Saturation, °F
288 642 4 95 117 2.6 0 38
289 642 7 125 122 3.4 0 10
279 642 8 125 121 3.4 0 6.9
283 635 8 127 122 4.2 0 4.3
284 635 8 124 122 26 0 13
280 635 8 124 122 5.0 0 36
281 635 5 125 123 26 0 29
284 635 5 126 123 3.4 0 20
283 635 5 127 124 42 0 1"
281 635 5 127 124 5.0 0 74
281 635 6 126 123 26 0 23
281 635 6 125 123 3.4 0 13
280 635 6 125 123 42 0 8.1
280 635 6 127 124 5.0 0 5.0
280 635 7 127 124 26 0 15
280 635 7 126 123 4.2 0 6.3
280 635 7 127 124 5.0 0 4.0
280 635 8 127 123 3.4 1.5* 29
280 635 8 126 123 3.4 1.75* 3.2
282 643 8 126 121 3.0 2.0* 3.8
282 643 7 126 122 3.4 1.5* 57
283 643 7 127 123 3.4 1.75*% 4.6
284 643 7 126 123 3.0 2.0* 4.6
280 467 6 125 122 5.0 0 37
281 467 6 125 122 42 0 5.0
282 467 6 127 123 3.4 0 7.6
280 467 6 125 122 26 0 13
280 467 7 124 121 2.6 o 9.3
280 467 7 125 121 3.4 0 53
280 467 7 125 121 42 0 35
283 467 7 126 121 5.0 0 3.6
279 465 8 125 119 3.4 1.5* 2.0
282 465 8 122 111 3.4 1.75*% 21
282 465 8 122 113 3.0 2.0* 20
283 465 6 126 123 3.4 1.75*% 27
283 465 6 126 123 3.0 2.0* 3.0
282 465 7 126 123 3.4 1.5* 3.1
281 465 7 125 122 34 1.75* 3.3
280 465 7 125 122 3.0 2.0* 3.2
282 465 6 127 123 3.4 1.5*% 35

*Downstream of Throat
**Upstream of Throat

- 65 -




TABLE 15 (Continued)
HUMIDIFICATION TESTS OF MODIFIED VENTURI CONTACTOR

Contactor H,O Flow, gpm
Wet Bulb, °F
Flue Gas Flue Gas | Contactor at Other H,0 Approach to
Temp., °F | Flow, scfm | AP, *H,0O In Out Throat Addition Saturation, °F
280 461 8 128 123 2.6 0 6.4
280 461 8 127 124 3.4 0 3.5
280 461 8 126 123 42 0 2.2
280 461 8 126 122 5.0 0 22
282 455 9 125 121 2.6 0 6.8
282 455 9 126 121 34 0 3.9
280 455 9 127 121 4.2 0 25
280 455 9 126 122 5.0 0 1.9
282 539 6 128 125 3.4 1.5%* 4.0
283 539 6 127 124 3.4 1.75** 25
281 539 6 128 125 3.0 2.0%* 1.8
279 511 7 128 125 34 1.5%* 2.4
280 511 7 128 124 3.4 1.75** 2.0
281 511 7 127 124 3.0 2.0** 1.4
280 483 8 126 124 3.0 2.0** 1.7
281 483 8 126 123 3.4 1.75%* 2.0
281 483 8 126 123 3.4 1.5%* 2.0
282 579 8 128 4.0 0 2.1
286 579 8 128 4.0 0.3* 0.2
287 &§79 8 129 3.8 0.3* 1.0
287 5§79 8 129 3.8 0.3* 1.6
297 5§79 8 129 4.8 0.3* 29
284 579 8 128 4.0 0.3* 1.2
280 579 8 127 4.0 0.3* 0.8
288 578 8 128 4.0 0.3* 0.4
290 578 8 129 4.0 0.3* 0
280 575 8 128 4.0 0.3* 0.6
282 5§75 8 130 4.0 0.3* 1.0
283 575 8 129 4.0 0.3* 0.2
291 579 8 130 4.0 0.3* 0.2
291 5§79 8 128 4.0 0.3* 0.8
291 579 8 129 4.0 0.3* 0.4
291 583 8 130 4.0 0.3* 0.6
290 583 8 128 4.0 0.3* 0.4
295 583 8 129 4.0 0.3* 0.4
290 578 8 129 4.0 0.3* 0.8
291 578 8 129 4.0 0.3* 0.2
281 588 8 131 4.0 0.3* 0.8
284 588 8 129 4.0 0.3* 0.2

* Downstream of Throat
** Upstream of Throat
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TABLE 16

HUMIDIFICATION TESTS OF MODIFIED VENTURI CONTACTOR
WITH SIMULATED MIST CARRY-OVER

H,O Flow, gpm
Two-Fluid
Wet Bulb at Nozzle at
Flue Gas Flue Gas Contactor Contactor At Separator Approach to
Temp., °F | Flow, scfm | AP, "H,0 Outlet, °F Throat Exit Saturation, °F
295 666 6 128 5.0 0 5.2
294 666 6 128 5.0 0.025 2.6
292 666 6 128 5.0 0.05 0
292 666 6 127 5.0 0 5.6
291 666 6 127 5.0 0.075 0.4
289 666 6 127 5.0 0.0375 0
294 572 8 128 5.0 0.0047 0
281 576 8 128 5.0 0.0041 0.6
282 576 8 128 5.0 0.0041 0
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TABLE 17

HUMIDIFICATION TESTS OF VENTURI CONTACTOR
WITH STEAM INJECTION AT SEPARATOR EXIT

H,0
Wet Bulb at Flow at Steam Approach to
Flue Gas Flue Gas Contactor Contactor Throat, Injection, Saturation,
Temp., °F | Flow, scfm | AP, *H,O Outlet , °F gpm Ib/hr °F
297 650 6 129 5.0 5.33 3.8
293 650 6 130 5.0 6.52 3.6
291 650 6 131 5.0 9.3 2.6
291 650 6 131 5.0 11.0 3.0
291 650 6 131 5.0 124 24
291 650 6 132 5.0 15.5 28
292 650 6 132 5.0 14.9 24
292 650 6 133 5.0 17.2 1.8
292 650 6 134 5.0 18.6 20
293 650 6 132 5.0 13.1 24
293 650 6 133 5.0 17.2 1.8
293 650 6 134 5.0 18.6 1.6
293 650 6 134 5.0 20.3 1.8
293 650 6 133 5.0 18.7 22
292 567 8 130 5.0 1.4
292 567 8 130 5.0 3.1 0.8
292 567 8 129 5.0 4.7 22
202 567 8 131 5.0 4.7 1.0
292 567 8 130 5.0 4.8 1.0
293 567 8 130 5.0 4.9 1.2
292 567 8 131 5.0 8.5 1.4
292 567 8 129 5.0 10.2 22
293 567 8 130 5.0 10.2 1.0
2952 567 8 133 5.0 16.8 0.6
293 567 8 135 5.0 19.6 0.8
287 585 8 138 5.0 20 0.2
286 580 8 136 5.0 20 0.9
282 575 8 138 5.0 29 0.4
281 575 8 138 5.0 30 0
284 5§75 8 137 5.0 29 0
287 573 8 134 5.0 16 0
288 573 8 134 5.0 18 0
283 577 8 133 5.0 18 0
281 577 8 131 5.0 19 0.4
282 589 8 134 5.0 16 0
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TABLE 18

HUMIDIFICATION TESTS OF ALTERNATE
CONTACTOR DESIGN WITHOUT VENTURI

Flue Gas Flue Gas H,0 Flow, Approach to
Temp., °F Flow, scfm &pm (a) Saturation, °F

280 575 1.1 0.8

280 575 1.1 0.8

280 575 0.9 1.6

280 575 1.1 0.2

280 575 1.1 0

290 575 1.1 1.0

290 575 0.9 0.2

294 583 1.1 0

291 583 1.1 1.0

290 583 1.1 0.8

291 573 1.1 0.8

289 573 1.1 0.4

290 573 1.1 1.3

293 573 1.1 0.2

290 575 1.1 0.2

292 587 1.0 0.2

292 587 1.0 0.8

Note: AP <2" H,0

(a) One hydraulic nozzle and five two-fluid nozzles (different locations and
flow directions).

- 69 -




TABLE 19

SUMMARY OF PARTICULATE COLLECTION EFFICIENCY TESTS

OF THIRD GENERATION (VENTURI) CONTACTOR

Contactor Fly Ash
Fly Ash Pressure Collection
Test Flue Gas Flue Gas Load, Contactor Water Flow, Drop, Efficiency,
No. Flow, acfm | Temp., °F gr/sct Design gpm Inches, WC % by Mass
1A 1024 284 3.52 As 5.0 5.0 99.1
Received(" (3.2 at throat,
1.8 upstream)
1B 380 280 3.37 S 5.0 5.0 89.6
Received(? (3.2 at throat,
1.8 upstream)
2A 1020 305 355 Modified® 5.0 8.0 99.8
(Al at throat)
2c g5 305 322 Modified@ 5.0 8.0 99.9
(All at throat)
(1) The Fisher-Klosterman design with the venturi

(2)

separator close coupled.

throat and the cyclonic
Some water was added upstream of the venturi.

The modified version with a six foot transition between the venturi and
the cyclonic separator.
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TABLE 20

TEST CONDITIONS AND RESULTS, INITIAL RECYCLE TESTS OF
THIRD GENERATION (VENTURI) CONTACTOR

Test 23 25-1 25-2 25-3 25-5 25-8 238
Run Time, hr 275 112 112 112 112 112 15
Additive : None None None None None None NacCl
Na/Ca Mol Ratio 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Sorbent Data
Fresh Ca/S Mole Ratio (a) 1.38 1.32 1.34 1.40 1.33 1.33 1.30
Fresh Feedrate, Ib/hr (b) 7.14 6.82 7.00 7.23 6.90 6.90 6.83
Recycle Feecrate, Ib/hr 83.77 53.98 53.95 5§3.34 53.85 53.85 53,39
Recycle Ratio, Ib recycle/lb fresh lime 7.53 7.91 7.71 7.38 7.80 7.80 7.82
Recycle Ratio, cry basis 6.17 6.48 6.31 6.04 6.39 6.39 6.40
Recycle Available Ca/S, Mol Ratio (a) 2.03 - - - - - -
Total Available Ca/S, Mol Ratio (a) 3.41 - - - - - -
Water Addition, Ib/hr 6.74 6.01 6.01 5.94 6.00 6.00 5.95
Ib Water/lb Recycle Sorbent 0.14 0.12 0.12 0.12 0.12 0.12 0.12
Duct Flue Gas Conditions
In—Duct Residence Time, s 27 27 27 2.7 2.7 a7 2.7
Duct Inlat SO, Content, ppmv—dry 1487 1493 1502 1488 1492 1496 1509
Approach to Saturation, °F
Contactor Exit 2-4 <t <1 1 <1 0 -
Duct Exit 4 4 4 4 3 3 4
Baghouse Exit 22 23 23 22 24 23 23
Solids Loading, gr/scf 20.9 20.9 20.9 20.8 20.8 20.8 20.7
Contactor Inlet Temp, °F 295 291 293 290 282 282 293
Contactor Exit Temp, °F 132 130 129 130 129 128 130
Duct Exit Temp, °F 133 132 132 132 131 131 132
Baghouse Exit Temp, °F 150 150 150 149 151 150 150
Baghouse Exit Wet Bulb, °F 128 127 127 127 127 127 127
Duct Inlet Flue Gas Flow, scfm 340 340 340 340 340 340 340
§0, Removal, %
In—Duct 83 81 81 85 84 86 76
System (Duct + Baghousa) 92 85 84 g2 89 89 89
Sorbent Utilization, %
Steady State 67 64 63 65 67 67 69
Ash Analysis 67 62 63 - 62 - -

(a) Includes all calcium in fresh and recycle sorbents not tied up with sulfur (e.g., Ca(OH), and CaCO,).
(b) Fresh feed was Mississippi hydrated lime.
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TABLE 21

SUMMARY OF RECYCLE TEST RESULTS, INITIAL TESTING
OF THIRD GENERATION (VENTURI) CONTACTOR

Test 13 28 25-1 25-2 25-83 25-5

Sorbent/Duct Conditions

Fresh Ca/S Mole Ratio 1.21 1.38 1.32 1.34 1.40 1.33
Recycle Ratio, dry basis 6.9 6.2 6.5 6.3 6.0 6.4
Na/Ca Mol Ratio 0 0 0 0 0 0]
Approach to Saturation, °F
Contactor Exit <1 2—-4 <1 <1 1 <1
Duct Exit 4 4 4 4 4 3
Baghouse Exit 23 22 23 23 22 24
Nozzle Conditions
Venturi Throat Nozzles, gpm (@ 5 4 4 4 5
Venturi Press., inches water - 8 8 8 8 8
Atomization Nozzle 1 (b)
Air Press., psig - - 47 47 40 -
Water Flow, gpm - 0 0.15 0.15 0.15 0]
Atomization Nozzle 2 (b)
Air Press,, psig - - 45 46 40 -
Water Flow, gpm - 0 0.15 0.15 0.15 0
Atomization Nozzle 3 (c)
Air Press., psig - - - - - 45
Water Flow, gph - 0 0] 0 o] 0.15
§0, Removal, %
In—Duct 87 83 81 81 85 84
System (Duct + Baghouse) 90 92 85 84 92 89
Sorbent Utilization, % (d) 75 67 64 63 65 67

(a) Run 13 was made with the second generation contactor.
(b) Located upstream of the venturi throat.
(c) Located downstream of the cyclonic separator, and upstream of sorbent injection.

25—-6

1.38
6.4

90
0.54

86
89

67

(d) Based on flue gas analysis and fresh sorbent feed rate/composition, assuming steady state,
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TABLE 22

TEST CONDITIONS AND RESULTS, RECYCLE TESTS WITH THIRD GENERATION
(VENTURI) CONTACTOR, WITH STEAM ADDITION

Test 26 27 28 LT-01A LT-01B LT-01C
Additive None None HCI None None None
Sorbent Data

Fresh Ca/S Mole Ratio (a) 1.41 1.26 1.27 1.28 1.28 1.26
Fresh Feedrate, Ib/hr (b) 7.33 6.56 6.62 6.65 6.63 6.58
Recycle Feedrate, Ib/hr 53.16 53.55 54.08 54.31 54.20 53.74
Recycle Ratio, Ib recycle/lb fresh lime 7.25 8.16 8.17 8.17 8.17 8.17
Recycle Ratio, dry basis 6.74 6.69 6.69 6.69 6.70 6.69

Recycle Available Ca/S, Mol Ratio (a) - - - - - -
Total Available Ca/S, Mol Ratio (a) - - - - - -
Water Addition, Ib/hr 0.00 5.96 6.02 6.05 6.04 5.99
Ib Water/Ib Recycle Sorbent 0.00 0.12 0.12 0.12 0.12 0.12

Duct Flue Gas Conditions

In—Duct Residence Time, s 27 27 27 27 27 27
Duct Inlet SO: Content, ppmv-dry 1492 1497 1497 1497 1495 1500
Steam Addition, Ib/hr 21 20 20 29 30 30
Approach to Saturation, °F

Contactor Exit - <1 1 <1 0 0]

Duct Exit 10 5 3 4 3 4

Baghouse Exit 13 14 19 6 4 4
Solids Loading, gr/scf 20.8 20.6 20.8 20.9 20.9 207
Contactor Inlet Temp, °F 288 287 286 282 283 281
Contactor Exit Temp, °F 141 139 137 138 138 140
Duct Exit Temp, °F 150 143 142 142 142 142
Baghouse Exit Temp, °F 152 151 157 143 142 141
Baghouse Exit Wet Bulb, °F 139 137 138 137 138 137
Duct Inlet Flue Gas Flow, scfm 340 340 340 340 840 340

SO:2 Removal, %

In—Duct 77 80 86 82 72 67
System (Duct + Baghouse) 90 91 91 97 94 92
Sorbent Utilization, % (c) 64 72 72 76 73 73

(a) Includes all calcium in fresh and recycle sorbent not tied up with sulfur (e.g., Ca(OH), and CaCO,).
{b) Fresh feed was Mississippi hydrated lime.
(c) Based on flue gas analysis and fresh sorbent feed rate/composition, assuming steady state.
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SUMMARY OF RECYCLE TEST RESULTS WITH THIRD GENERATION

TABLE 23

(VENTURI) CONTACTOR, WITH STEAM ADDITION

Approach, °F S0, Removal, %

Fresh Recycle Steam Sorbent

Ca/s, Ratlo, Ib Water/ Add'n | contactor Duct Baghouse util.,(a)
Test mol Dry Ib Recycle Ib/hr Exit Exit Exit Duct System %
26 1.41 6.7 0 21 - 10 13 77 S0 64
27 1.26 6.7 0.12 20 <1 5 14 80 91 72
28 1.27 6.7 0.12 (b) 20 1 3 19 86 91 72
LT-01A 1.28 6.7 0.12 29 <1 4 6 82 97 76
LT-01B 1.28 8.7 0.12 30 0 3 4 72 94 73
LT-01C 1.26 6.7 0.12 30 0 4 4 67 g2 73

Common Conditions: Venturi throat nozzies - 5 gpm

Venturi pressure drop - 8" water

(a) Based on flue gas analysis and fresh sorbent feed rate/composition, assuming

steady state.

(b) The recycle treatment water contained a small concentration (0.004 wt %) of
hydrochloric acid (HC1).

TABLE 24

ANALYSES OF GRAB SAMPLES,
PRODUCT FROM PUG MILL TEST

- 74 -

Drum (a): 1 1 2 2 3 3
Moisture, wt % 9.6 9.4 8.3 8.7 8.9 8.8
Ca0, wt % 44.3 45.3 46.0 45.7 46.4 45.9
Sulfur, wt % 13.4 13.4 14.2 13.8 14.0 14.3
ILCOs, wt % 6.4 6.4 6.6 6.3 6.7 6.8
(a) A sample was taken from the top and bottom of each of the three drums.




TABLE 25

RECYCLE TEST RESULTS:

FOR TREATING RECYCLE SORBENT

COMPARISON OF PUGMILL WITH HIGH INTENSITY MIXER

Approach, °F SO, Removal, %
Fresh Recycle Ib Water/ Sorbent
Ca/s, Ratio Ib Recycle Util.,
Test Mixer mol (a) Sorbent Duct Baghouse Duct System % (b)
PT-1 Pug Mill 1.4 5.5 0.12 4 10 86 89 68
PT-2 High 1.4 5.5 0.12 3 9 85 98 67
Intensity

(a) 1b dry recycle/1b fresh 1lime.

(b) Based on baghouse ash analysis.
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Figure 1. Schematic of Advanced Coolside Process.
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Figure 6. Effect of Residence Time on SO, Removal in
Advanced Coolside Pilot Plant. (Recycle Simu?ation Test 13.)
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Figure 8. Configuration of Advanced Coolside Pilot Plant Ductwork.
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Figure 12. Schematic of First Generation Contactor.
(Waterloo Scrubber, Supplied by Turbotak, Inc.)
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Figure 13. Humidification Tests Showing Similar Results With
and Without the Scrubber Fan.
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Original Contactor.
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Figure 17. Saturation Efficiency for 150 Tests Using the
Simplified Contactor.

Relative droplet surface area is the test droplet surface area (m%/m’*flue gas)

divided by the droplet surface area produced when the nozzles are operated at the
design air pressures and water flow rates.
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Humidification Tests Using 1, 2, or 3 Spray Nozzles.
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Figure 19. Effect of Atomizing Air Pressure and Water Flow on Humidification
Using A1l Four Spray Nozzles, 500-525 scfm Gas Flow,
Second-Generation Contactor.
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